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ABSTRACT 
Contemporary researcr ;!HO Cameras-on-a-CMOS chip technology has been focused on 
frontside illuminated configurations, in which the photo sensing element or picture 
element (pixel) and the signal processing circuitry are integrated in the same plane 
making up the photo sensiog unit (PSU). Frontside illuminated configurations are 
disadvantaged in a number of ways, including the incompatibility of different CCD and 
CMOS processing technologies that are currently used and low areal fill factors. 
Current investigations have demonstrated that a number of these disadvantages can be 
overcome by adopting a backside illuminated architecture, where an upper seeing pixel 
thin film crystalline-Silicon integrated circuit is mounted above a lower signal 
processing Application Specific IC (ASIC). As well as allowing the combination of 
different processing technologies for the pixel and ASIC, there is a marked increase in 
the areal fill factor as the processing circuitry is no longer in the same plane as the 
photodiode. 
Though there is much crosstalk minimization investigation for various frontside 
illuminated pixel configurations, some progress with crosstalk minimization in 
backside illuminated vertical single junction photodiode pixels has been made. More 
extensive selection of configuration parameters needs to be investigated for backside 
illuminated pixel response resolution optimization and hence crosstalk suppression 
optimization, compared to the same pixel configurations front illuminated. 
This research has made a comparative investigated of crosstalk in backside illuminated 
and frontside illuminated single junction photodiode and vertical double junction 
photodiode CMOS compatible pixels, using a commercial 2D device simulation 
package, SEMICAD DEVICE (1994). Comparison of pixel total, electron and hole 
quantum efficiency response and Absorption Volume data is undertaken. This is so 
that the underlying carrier drift-diffusion dynamics responsible for optimal pixel 
response resolution may be qualitatively understood, allowing prediction of even more 
optimal photodiode pixel configurations. 
The effect of varying the double junction and single junction photodiode pixel's 
geometry on response resolution is considered. Only for the former is the effect of 
doping, biasing and introducing highly doped pixel boundary trenches on response 
resolution undertaken. Additionally, for the former pixel, the effect of introducing a 
guard-ring electrode on its electrical response resolution is investigated. 
For single junction photodiode pixels, the boundary trench isolation, a highly doped 
recombination boundary trench placed either side of each pixel's well, showed 
considerably less pixel response resolution and hence more crosstalk than using the 
guard-ring electrode configuration. However the boundary-trench-isolation-pixel's 
response was an improvement on the unguarded single junction photodiode pixel's 
response. 
The outer junction of the double junction photodiode pixel acts in the same way as the 
guard-ring electrode for the single junction photodiode pixel, by suppressing the pixel 
response away from the pixel centre. However for pixels with similar geometry of 
outer well and substrate to the single junction photodiode guarded pixel, the outer 
junction "guard" improves the pixel response resolution more than the electrode guard 
does. However for shallow pixels their response resolutions are not significantly 
different, in that response outside the "well" (outer well in double junction photodiode 
pixels) is insignificant. The response resolution is more flexibly varied inside this 
"well" for the double junction than for the guarded single junction photodiode pixel. 
Generally the frontside illuminated photodiode pixels have better response resolution 
and hence crosstalk suppression than the same pixel backside illuminated. This is due 
primarily to their greater depletion region absorption volume proportion. This results 
from the closer proximity of their photogenerated carrier-envelope to their pixel's 
depletion region. However as frontside and backside illuminated pixel absorption 
volume proportions converge, their response resolution becomes less distinguishable. 
The predictive advantage of pixel absorption volume data for optimal pixel response 
resolution is evident. Such data can help to narrow the selection of possible optimal 
pixel configurations. However simulation is still the necessary final arbiter without the 
more costly fabricated-device testing option available. 
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1. INTRODUCTION 
1.1 Purposes and Methods. 
The primary purpose of this project is to optimize the photo-electrical response 
resolution, including central sensitivity and electrical crosstalk suppression for the 
backwall illuminated (BW) (Fig 1.1) complimentary metal oxide semiconductor 
(CMOS) compatible photodiode pixel. This is compared and contrasted with the 
frontwall illuminated (FW) pixel of the same configuration. hnproved pixel 
response resolution ultimately can be translated into improved pixel fabrication 
resolution. The secondary purpose is to understand how the optimal configuration 
improves the response resolution, while other configurations reduce it. 
The primary purpose is achieved by simulating the photocurrent response of various 
single junction photodiode (SJPD) and double junction photodiode (DJPD) pixel 
configurations and comparing these electrical responses between each illumination 
mode, pixel configuration and pixel absorption volume proportions (A VP). The 
A VP is a calculated statistic that represents the proportion of the total incident light 
energy that is absorbed in a given substructure of the illuminated pixel cross-section. 
The secondary purpose will be achieved by using both the A VP and electrical 
response data to probe the device operation. This comparison between the simulated 
electrical response parameters and the A VP Statistics will result in the development 
of an understanding of the reason for the optimality of certain pixel configurations 
over others. Furthennore, that the macroscopic pixel configuration characteristics 
that optimize the BW pixel response, being then understood at a qualitative level of 
device photo-generation and carrier dynamics, will enable the predicting of further 
optimization and the demonstration of the extent the A VP statistic can be useful in 
that process. 
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1.2 Background. 
Contemporary research into Cameras-on-a-CMOS chip technology has been focused 
on FW architectures, in which the active pixel sensor (APS) and the signal 
processing circuitry are integrated in the same plane. This architecture is 
disadvantaged in a number of ways, including low areal fill factors and the 
incompatibility of different charge coupled device (CCD) and CMOS processing 
technologies that are currently used. Current investigations have demonstrated that a 
number oi these disadvantages can be overcome by adopting a BW approach 
[Hinckley, Gluszak, & Eshraghian, 2002], where an upper seeing photodiode pixel 
array IC is mounted above a signal processing, application specific integrated circuit 
(ASIC). As well as increasing the areal fill factor, and thus increasing its resolving 
power, this concept also allows the combination of different processing technologies 
and semiconductor materials for the two integrated circuits. 
Although crosstalk minimisation has been investigated for various FW photodiode 
configurations [Brouk, et al. 2002; Kang, 2002; Furumiya, et al. 2001], crosstalk 
minimisation in BW pixels needs more investigation. This is so that the advantages 
of enhanced BW pixel response resolution, if any, over FW pixels can be determined. 
For example, in one investigation on FW photodiode pixels, it was found that, to 
reduce crosstalk, the gap between junctions needs to be optically shielded and the 
adjacent junctions needs to be reverse-biased [Brook, et al. 2002]. 
This is the first ever investigation of the perturmance of BW CMOS compatible 
photodetectors. The investigation will make use of a commercial two-dimensional 
(2D) device simulation package, SEMICAD DEVICETM to model the permutations 
of the photodiode pixel configurations. This is to approach, if not to arrive at, the 
photodiode pixel configuration that optimizes the electrical response resolution. This 
involves maximizing the electrical response at each pixel centre (sensitivity), while 
totally suppressing pixel response for illuminations outside the pixel boundary if not 
the pixel's well. BW and FW pixel responses are compared, to understand why their 
responses differ, if they do, and then apply that knowledge to further optimization of 
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primarily BW pixel configuration, though this may also benefit FW pixel 
optimization. 
1.3 Pixel Configuration and The A VP. 
Configuration parameters that could effect the SJPD pixel response resolution, 
including crosstalk suppression, are level of junctioning, p-n junction depth, well 
width, substrate thickness, pixel pitch, dopant concentrations, well and substrate 
doping type reversal, electrode widths, positions, number and their degree of voltage 
biasing. Also included is the geometry, doping and biasing of boundary isolation 
structures. The setting of each of these geometric, doping and electrical parameters 
constitutes a pixel's configuration. Configuration parameters that could effect the 
DJPD pixel response resolution I crosstalk are those for the SJPD but are doubled as 
this pixel has an extra well so that the number of geometric, doping, biasing and 
electrode parameters are increased 
The development of the Absorption Volume Proportion (A VP) statistic has been 
undertaken to understand how the pixel's response profile depends on where in the 
device cross-section the incident light is absorbed. It determines in what way the 
incident light is distributed in regions of the pixel that have significant effect on the 
pixel's electrical response. Noting how the AVP profile varies with the pixel's 
photocurrent response profile may prove fruitful in understanding how the 
macroscopic changes to the pixels configuration parameters enhance or suppress 
optimal pixel response resolution. 
Figure 1.1 shows the array of three SJPD pixels, as simulated in this project. It 
shows the well and substrate that surrounds each well. Also the illumination 
orientation for BW and FW pixels is shown. 
3 
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Figure 1.1 The basic p-substrate In-well Photodiode pixel (A) FW, (B) BW. 
1.4 The Investigated Pixel Configuration Parameter Changes. 
The effect of changing the following pixel configuration parameters on pixel 
electrical response resolution will be investigated in this project. 
1.4.1 Unguarded SJPD Pixels. 
I. Pixel well depth. 
2. Pixel substrate thickness. 
3. Pixel Boundary Trench Isolation. 
1.4.2 Guarded SJPD Pixels. 
I. Pixel well depth. 
2. Pixel substrate thickness. 
3. Guard-ring electrode placement. 
4. Guard-ring electrode size. 
5. Image electrode size. 
6. Well doping concentrations. 
7. Substrate doping concentrations. 
8. Doping type of well and substrate reversal. 
9. Junction reverse bias. 
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1.4.3 Unguarded DJPD Pixels. 
I. Pixel image (inner) well depth. 
2. Pixel image well width. 
1.5 Research Questions. 
The primary interest here is to see what effect the above changes to the pixel 
configuration have on the simulated pixel photocurrent data and the A VP data and 
then explain these effects. Thus the following questions need to be answered. 
(a). What effect do these pixel configuration changes have on simulated pixel 
response resolution and crosstalk ? 
(b). What effect do these pixel configuration changes have on calculated A VP 
profile ? This is for the pixel configuration parameter for which changes 
effect the A VP statistics. 
(c). What understanding of the processes responsible for improvements in 
response resolution and crosstalk reduction can be gained by observing the 
relationship between the calculated A VP and simulated electrical response? 
(d). The three types of crosstalk suppressing pixel configurations investigated are 
boundary trench isolation, guard electrode and guard depletion region. Can 
these three pixel configurations be placed in some meaningful order of 
response resolution and crosstalk suppression ? 
(e). Having gained an understanding of how response resolution can be improved, 
is it possible to predict more optimally resolved pixel configurations ? 
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1.6 Research Objectives. 
The objectives basically revolve around tasks that need to be achieved to fulfill the 
primary purpose of this project. They are itemized below. 
1. Fonnulate the relationship between the device structure and the software 
parameters. 
2. Develop SEMICAD DEVICE simulation device and run files. 
3. Develop A VP Excel spreadsheet. 
4. Run the simulations that generate the pixel electrical response for each 
parameter variation investigate for Sections 1.4.1 to 1.4.3. 
5. Calculate and tabular pixel A VP data relevant to Section 1.4.1 to 1.4.3. 
6. Develop results tables of pixel electron and hole and total QE and NQE for 
the illumination positions included in each simulation scan of the pixel array. 
7. Graph pixel response statistics against associated illumination position as 
well as against the varied configuration parameter associated with the 
response statistic. When appropriate include A VP profiles. 
8. Determine the device dynamics that explains the pixel response resolution 
enhancement qualitatively. 
9. Predict further improved pixel configurations from an understanding of the 
previous point (8). 
10. Access the value of the A VP statistic in predicting better pixel configuration. 
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2. LITERATURE REVIEW 
In an array of light detecting devices (pixels), electrical crosstalk occurs when 
photocarriers, generated within the volume of one pixel, diffuse into and are captured 
by an adjacent pixel, contributing to its photocurrent. Investigating the effect of 
changes to various pixel configuration parameters on crosstalk reduction is 
undertaken in this project. The more resolved a pixel's response, the more enhanced 
is its response towards the pixel centre, and the more suppressed its response is 
elsewhere in the pixel and so crosstalk is also suppressed. Because enhancements in 
response resolution impacts directly on crosstalk reduction, research that aims to 
enhance the fanner, tackles reducing crosstalk simultaneously. 
The pixel is the photoactive volume of the photo sensing unit (PSU), the later 
including the pixel and the infrastructure that reads, amplifies and resets the pixel, 
that makes the PSU an active pixel sensor (APS). This infrastructure may be 
laterally (J'W PSU) or vertically (J'W TFA PSU and BW PSU) placed with reference 
to the pixel. 
As used in the first paragraph, ''pixel configuration" refers to the physical attributes 
associated with each pixel. The pixel configuration parameters include; the type of 
intrinsic material used, the position of doped, intrinsic or insulated structures in the 
pixel cross section, junction widths and depths, the number of junctions, doping 
levels associated with each structure, biasing, and the size and placement of 
electrodes. 
Pixel arrays are usually illuminated on the front surface on which the electrodes are 
exposed or unconventionally on the back surface, which is usually the electrode free 
substrate. Though there has been some research focused on reducing crosstalk or 
noise in BW pixels (Hinckley 2002), (Holland nd) owing to the BW pixel benefits of 
increased resolution and spectral sensitivity, the investigation of crosstalk 
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mechanisms has mainly concerned itself with FW pixels (Brouk et al., 2000) 
(Furumiya eta!., 2001) (Briaire & Krisch, 2000) (Kang, 2002) (Mutoh, 2003). 
2.1 Backwall Illuminated Pixel Crosstalk 
Hinckley, Jansz, Gluszak & Eshragian (2002) concluded that in backwall illuminated 
(BW) arrays, structures need to be developed that either reduce optical generation or 
increase minority canier recombination in the region between pixels, in order to 
reduce crosstalk effects, while at the same time maintaining the advantages of BW 
pixel spectral responsivity compared to FW pixels. 
While deep highly doped structures running horizontally through the epi-layer I 
substrate region of the pixel array (deep epi-well) may increase recombination of 
"free" diffusing substrate, crosstalk photocarriers in FW pixels, they suppress the 
BW pixel response. This is due to all the photogenerated carriers in BW pixels 
diffusing into the deep epi-well from below, and so reducing image electrode 
capture. The latter BW SJPD would benefit more from STI type recombination-
increasing structures for reducing crosstalk (Kang, 2002) as these restrict side-way 
photocarrier diffusion into adjacent photodiodes. 
Hinckley, Jansz, Gluszak. & Eshragian (2002) also showed that the reduction in 
substrate thickness appeared to increase BW and FW pixel response resolution with 
the direct consequence of reduced crosstalk. This was due in part to the attenuation 
of the substrate region under the pixels' wells, running the length of the array, which 
provided a passageway for "free" diffusion across the backside of the array. 
Attenuation reduced the volume of this crosstalk super highway so contributing to 
the increase in response resolution. Furthermore, the shallower substrate allowed 
closer proximity of the photogenerated carrier envelope to the BW pixel's Space 
Charge Region (SCR = depletion region), with resulting enhanced capture-volume, 
also contributing to increased response resolution. 
8 
2.2 Frontwall Illuminated Pixel Crosstalk. 
Brook et al., (2002) demonstrates that crosstalk in frontwall illuminated (FW) pixels 
may be reduced by optically shielding the gap between junctions and reverse biasing 
the adjacent junctions. This included single junction photodiode (SJPD) and double 
junction photodiode (DJPD) pixel configurations. In the case of SJPD, crosstalk is 
quite similar for n+/p compared to nip configurations (Brouk et al., p. 18). 
Recombination-increasing p+ structures on either side of the n+ wells 
(Brouk et al., p. 17) may be the reason for the slightly better reduction in crosstalk, a 
reduction that is counteracted by the presence of the n+ well; a reduction possibly 
more noticeable if it had been used with an n- well instead of an n + well. However 
Brook et al (2002) does not consider highly doped p-wells, as deep trench isolation, 
that could contribute to crosstalk reduction. 
Brouk et al., (2002) demonstrates that crosstalk is more reduced in double junction 
structures compared to single junction devices. In the p+/n/p DJPD, the added electric 
field of the inner shallow p+/n junction, drives minority carriers away from the outer, 
deeper nip photocarrier coilection junction, to be recombined in the silicon substrate 
bulk region. Noted also is the fact that as the photodiode pitch increases the 
crosstalk reduces. 
The pixel response parameter, quantum efficiency (QE), is a measure of the number 
of captured photocarriers per photon of incident light. To compare the pixel QE for 
illumination at the boundary of the pixel (a nominal measure of crosstalk) the QEs 
are nonnalized (NQE). The crosstalk NQE is the quotient of the QE response for 
illumination at the pixel boundary and the Maximum QE for a particular pixel. This 
is a relative measure of crosstalk. Device structures or configuration parameter 
changes in the pixel that reduce crosstalk will reduce the crosstalk NQE. 
Increasing the pixel's sensitivity without increasing the boundary QE response can 
lower the relative crosstalk NQE. Increasing the sensitivity can be achieved by 
increasing the pixel maximum QE. Furumiya et al., (2001, p 2221) uses a deep p· 
well in a FW DJPD configuration, with p on p+ substrate and anti-reflective film I 
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important point that crosstalk is not the only noise source for PSU arrays. Though a 
particular BW configuration may reduce crosstalk, sources of other noise need to be 
investigated such as dark or reverse saturation current. However this project only 
investigates crosstalk. 
Light towards the near ultraviolet penetrated insufficiently, with the resulting 
absence of minority carriers to cause crosstalk. This will also happen in BW 
configurations resulting in reduced sensitivity for shallow junction depth pixels, 
where the SCR is beyond the penetration depth of the incident wavelength 
(Hinckley et al, 2002). For FW and BW pixels, light towards the near infrared 
penetrated deeper into silicon, producing minority carriers in the p-substrate and p-
epi-layer. The minority carriers originating in the p-epi-layer caused the crosstalk 
problem. For the FW pixel in Figure 2.1, recombination in the deep p-well, situated 
in the p-substrate prevented minority carriers, produced in the p-substrate, 
contributing to crosstalk (Kang, 2002 p2). Furthennore, the thicker the deep p-well, 
the less the crosstalk, especially for light towards the near Infrared. However this is 
not a structure that can be used to improve BW pixel response resolution due to it 
acting to also reduce sensitivity. 
The p-well that shrouds the STI reduces minority canier diffusion also, as carrier 
recombination is increased in the p-well. Thus carriers generated in the region 
between the STI and n-well in the photodiode mostly recombined in the p-well 
shroud, reducing crosstalk. However the effect on crosstalk of the p-well shroud was 
subtler than for the deep p-well. If the p-well shroud extended more deeply into the 
substrate maybe crosstalk reduction would be less subtle. This is a point of 
investigation in our present research. Finally, crosstalk variation for different 
distances between pixels was not significantly different, with the maximum variation 
of half a percent in crosstalk, for FW light towards the near infrared (Kang, 2002). 
Lule et al., (2000) demonstrates the merits of the FW Thin-film-on-ASIC (TFA) 
with respect to sensitivity and limits of scaling exceeds all other competing devices 
including both FW SJPD, FW Photo gate, PW pinned DJPD and charge-coupled 
device (CCD). This is encouraging for the present investigation as BW pixels, with 
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their electrodes on the opposite side of the illuminated face, lends itself to the 3D 
configuration ofTFA. 
Furthermore the present investigation focuses on SJPD and DJPD architectures of 
which the Pinned PD (PPD}, the next best image sensor (Lute et al., 2000) is a 
metl'llJer. One extrapolation that one might suggest from Lute et al. findings is that 
any investigation into elucidating the optimum image sensor architecture should 
explore a configuration that possesses the advantages of both the PPD and TFA. In 
this case the thin film is the PPD or a more optimum double junction structure 
backwall illuminated in a TF A configuration. However the recombination and 
generation models that have been defined for the simulations in this project do not 
include Auger recombination, which may arise for such fully depleted pixel 
configurations. Future investigations will address the benefits of fully depleted pixel 
configurations for enhancing response resolution and eliminating crosstalk. 
Noting the exhaustive research by Lute et al., the sensitivity, scaling limitations and 
other advantages or disadvantages of each FW pixel configuration is stated below as 
a necessary comparison to the present investigations associated with BW PSU 
configurations. 
2. 3 Pixel Sensitivity Characteristics and FW Pixels Compared. 
In an investigation of crosstalk it is important not to forget the effect that a crosstalk-
beneficial change in the PSU's configuration may have on sensitivity and visa versa. 
It is therefore important to be aware of how present PSU configurations compare to 
each other's sensitivity. A pixel response of zero crosstalk but a 100-fold reduction 
in sensitivity is a pixel with great crosstalk reduction but poor response resolution. 
Sensitivity is used to characterise image sensors, It is a measure of the efficiency of 
the conversion of Electro-magnetic Radiation (EMR) into electrical information. The 
quantum efficiency (QE) is used as the primary photodetector transfer characteristic. 
It is obtained from the spectral response SR(A.) which is the ratio of the photo current 
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recorded at the photo sensor unit's (PSU) electrode and the power of the incident 
wavelength. The QE is then the product of SR(A.) and a ratio of the present energy of 
one incident photon and the present value of the electronic charge i.e. the energy of 
the incident light expressed in eV. (Lute et at., 2000,p2111) 
The collected photocharge Q, given that the photo sensing unit is irradiated with a 
spectral power density <1>(1.) (W/cm2nm), (Lule et al., 2000 p 2111) is expressed as 
Q = A.rr *Tint* J SR(A.)*<I>(A.)*dA. [2-1] 
Where tint is the integration time and Aerr is the effective photoactive area of the 
photo-sensing unit (PSU) and illumination is constant. Here Aeff = FF * Api1u 
where FF is the fill factor, which is the portion of the PSU which contributes to 
photosensitivity, and Apix is the PSU surface area. 
The Voltage change, V, that results from the collected photo-generated charge is 
inversely proportional to the integration capacitance (Cint) such that 
Q V=-
~nt 
FF*Apu*~m f ' ' 
= * SR(,)*<!>(,)*d.:l. 
c,., 
[2-2] 
Sensitivity refers to the input and output response of the pixel not to amp1ification by 
associated devices incorporated in the PSU. Any monolithic PSU integrated 
circuitry producing gain, reduces FF unlike TFA type PSU (Lule eta!., p2111). 
The pixel sensitivity is obtained by dividing the optical energy incident on the pixel 
during the integration time into the integrated photo-voltage as follows, 
FF* A *fSR(.:I.)*<I>(A.)*d.:l. s - plz 
w- c,,,. f <I>(A.). d.:l. [2-3] 
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This is the radiometric sensitivity (V/( JJ J/cm2)). Integration occurs over the 
wavelengths where SR(I..) is not zero. It does not overestimate the sensitivity as does 
the photometric sensitivity for CMOS sensors with significant infrared QE. 
(Lule et al., p2112) 
Lul<§ et al.(2000, p2112) calculate the spectrally resolved sensitivity for the RGB 
colour channels of a PPD imager with 7.8 J.l m pitch and that of a colour filter array 
TFA with 7.0 Jl m pitch. These results show that TFA, which uses amorphous -Si:H 
based detector, is more sensitive below 700 nm while the PPD using crystalline 
Silicon is more sensitive above 700 nm. 
2.3.1 Standard Photodiode Imagers. 
In the Standard Photodiode (PD) pixel (vertical SJPD), all carders photogenerated in 
the space charge region (SCR) are collected. Deep substrate minority carriers can 
diffuse, due to the concentration gradient, to the SCR and also be accumulated. For 
PD imagers with bulk PD, the use of vertical overflow drains, like for current CCD 
sensors, though reducing crosstalk, do not allow the diffusion of carriers from the 
bulk to the SCR of the PD, thus reducing the red and IR sensitivity. Though 
crosstalk is reduced the sensitivity is also reduced. Comparisons that investigate 
crosstalk and sensitivity need to make use of the Normalized QE which is the ratio of 
the QE associated with the PSU crosstalk response to the PSU maximum QE. Loss 
of sensitivity is not necessarily a problem if suitably configured, noise reduced, 
amplification circuitry is utilized. (E.g. TFA configuration). (Lute et al,. p2113). 
Typically, for a 14 I" m pitch FW pixel in a 0.8 I" process with 60% fill factor (FF), 
the PD contributes 93 fF to the total integration capacitance of 102 fF, equivalent to 
only 1.6 J.l V/e- conversion gain. Its sensitivity is only 1. 8 V/(}lJ/cm2). The use of 
micro lenses on pixels with small PSE may lead to acceptable sensitivities 
(Lule et al., p2113). 
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2.3.2 Photogate Imagers. 
The Photogate imager removes the problem of large capacitance. CCDs ope.rate in 
the same way concerning integration, transport and readout inside each pixeL During 
integration, the photo charge is accumulated in the potential well under the 
Photogate. The rest of the photosensitive area, a small portion of the total area, 
including the transmission gate and the floating diffusion, contributes to the 
charge-to-voltage conversion capacitance, which is why it is small (3.6 fF) 
equivalent to a large 44 Jl V/e· conversion gain, allowing for a high sensitivity. 
Additionally correlated double sampling (CDS), including subtraction of kTC 
(thennal) noise (large for small capacitance : 1 mV for 3.6 fF ) is permitted by this 
reset-transfer-readout operation of the Photogate imager (Lute et al., 2000 p2114). 
One draw is the low transparency of polysilicon, which is 22% at 500 nm, decreasing 
further for shorter wavelengths. This results in the large conversion gain being 
largely lost, due to the intensity lost in the overlying polysilicon gate material. 
Increasing the photogate size, increases sensitivity but reduces resolution. Standard 
size pixels of 1611 m pitch in 0.8 11 CMOS process achieve 10.32 Vi( II J/cm2) or 4 
V/lxs (Lule et al., p2114). 
2.3.3 Pinned Photodiode Imagers. 
Replacing the MOS varactor in CCDs, the pinned photodiode (PPD) was developed 
as a reduced dark·current (10 ) detector and has been used successfully in CMOS 
pixels also. Its operation is as follows, 
"The PPD basically consists of a p+np'structure where both p layers are on 
substrate potential (GND). As the voltage applied to the n·layer is increased, 
the depletion regions of both pn·junctions grow towards each other. At. .. the 
pinned voltage V P• the depletion regions meet and no more majority carriers 
can be extracted from the device. The device is fully depleted ... the potential 
can not be increased any further. The voltage is pinned". 
(Lule et al., p2114). 
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The PPD is fully depleted initiaily for light sensing. The PPD potential reduces 
below Vp during the integration phase, when photogenerated majority carriers are 
stored in the SCR. First the floating diffusion (FD) is reset to a given potential, 
which may be read out for true correlated double sampling. Next the transfer gate is 
opened and the photo charge is completely transferred to FD, whose voltage needs to 
be above V P to effect total transfer, while the PPD operates below V P 
(Lule et al., 2000 p2115). 
The complete transfer of charge from a large capacitance diode into the small 
floating diode capacitance results in a large charge-to-voltage conversion gain which 
translates into sensitivity enhancement. Microlensing enhances this further to give a 
sensitivity yield of 5.5 V/(Jl J/cm2) (Lule eta!., p2ll5). 
Another advantage is that the charge collection region is separated from the surface 
into the depths of the pixel through the p + region, like a CCD buried channel. A 
reduction in In and white point defects results from the pinning of the surface that 
has a high density of recombination centres. (Lute et al., p2115). 
The depth and doping of the three regions can vary for a given target Yp, which 
becomes strongly dependent (Vp) on the n-depth for higher doping, especially the 
doping of the n well. To ensure satisfactory operation above and below V P• the depth 
and doping needs to be tightly controlled. Also complexity and cost is added to the 
CMOS process because large scale or twin well processes are needed to establish the 
needed moderately doped p-layer so that the other higher doped levels can be 
superimposed. However if the market demand is such that the cost for the extra 
mask steps is insignificant, this fact of added cost and complexity is no road block, as 
Motorola has shown (Lule el al .. p2115). 
PPD is advantaged over the Photogate as it has a higher QE, requires less control 
signal wiring and, due to surface pinning, has reduced Io and white point defects, all 
of which translates into higher sensitivity. It however has to be adapted to each new 
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process generation. (Lute et al., p2115). Unpinned DJPD may still exhibit 
comparable sensitivity to the PPD. 
2.3.4 Thin Film on Application Specific Integrated Circuit (TFA). 
The PD pixel is deposited on the ASIC to give a FF of 100%. The PD consists of a 
rear electrode on an a-Si:H diode and a transparent conductive oxide (TCO) front 
electrode. There are no layers on top of the PD to reduce light penetration. The 
TCO thickness is optimized to minimize reflection losses. QE is 60% for most of the 
visible range; equivalent to 1 fA I Jl m 2 diode area at 1 lx daylight iilumination 
(llx = 1.46 fWI,u m 2 or0.146 ,u W/cm2 at 555 nm) (Lule et al., 2000 p2115). 
Lute et al., (p2115) relates an example of a colour sensor that has been engineered 
in TFA technology where the PSU consists of three colour specific PDs, each 
detecting one of each of the three primary colours. This is not unique as studies on 
BW SJPD pixels have also demonstrated spectral range specificity, using crystalline 
Silicon, not amorphous-Si:H. Hinckley, Gluszak & Eshraghian (2000) show that for 
a BW vertical SJPD pixel, wavelength sensitivity is dependent on junction depth and 
substrate thickness. FW pixels of similar configuration showed only marginal 
dependence of wavelength sensitivity on thickness and junction depth. In the BW 
case, as the junction depth increased from 1 to 10J.lm, for a 12 j.lm substrate 
thickness, the wavelength sensitivity peak blue shifted (0.7 to 0.41!Jll). As the pixel 
thickness increased from 3 to 13J.lm, the wavelength sensitivity peak red shifted 
(0.4 to 0.81!JI1). The conclusion being that by adjusting the thickness and junction 
depth of the BW vertical SJPD, the pixels may be tailored to a specific spectral 
range. However the crosstalk is a problem for this BW pixel configuration, hence this 
project. 
A typical TFA sensor in 0.8pm CMOS technology, with pixel pitch lO,um has a 
sensitivity of 8 V/( J.L J/cm2) or 3.1 Vflxs which, though lower than the Photogate, has 
a resolution 2.5 times that of the Photogate pixel (Lute et al., p2115). 
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For the TFA, lowering the capacitance can increase the sensitivity. This can be 
achieved by increasing the thickness of the intrinsic layer or by reducing the area of 
the rear electrode. However Io will increase with thickness of the intrinsic layer, so 
the electrode area reduction is the best option as long as the electric field exceeds 
around 5 kV/cm. The use of ring shaped rear electrodes, providing good collection 
and capacitance reduction, has been suggested (Lute et al., 2000 p2115). 
2.4 The Effect of Scaling On Pixel Sensitivity. 
It is important to consider the background literature in this area as the project at hand 
is seeking to eliminate the problem of electrical crosstalk, which increases with pixel 
down sizing. This increase is due to the pixels in the array being closer together and 
thus minority carriers, generated in the bulk, have shorter distances to diffuse to 
adjacent pixels and so contribute to crosstalk. This has been shown to be more the 
case for SJPD configurations. (Briaire & Krisch, 2000) 
Decrease in pixel pitch below 5 J.l m is not warranted as this represents the limit of 
camera lens diffraction or resolution limit. However with the advent of colour 
specific pixels one APS will include more than one pixel: the Bayer patterned RGB 
colour sensor has 2 Jl m pixel pitch (Lute et al., p2116). Thus this is the limit of 
pixel pitch for which crosstalk reduction should be focused. 
Table 2.1 shows the technological parameters for different process generation. As 
the doping increases, the mobility, lifetime and diffusion length of carriers will 
decrease. This is necessary for pixels to decrease in size without a corresponding 
substrate originated minority carrier crosstalk. However this increase in physical 
resolution will introduce other types of noise: Io generating shot noise, hot-carrier 
effects, transistor off current, gate oxide leakage, PN junction tunneling leakage 
(SCR widths are narrower), kTC noise caused by the decrease in integration 
capacitance (Lule et al., p2116). A number of these problems would be eliminated 
with BW imaging chip as the image signal processing circuitry is removed to another 
chip environment. 
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For FW pixels, to eliminate kTC and 1/f noise, real correlated double sampling 
(CDS) will become necessary. In other PSU, such as TFA, where CDS is not 
available, weak reset or active reset circuitry per PSU, can be used with certain 
limitations. (Lule et al., p2116). 
Table 2 1 Process Generation Technology parameters . 
Process ( J.1. m) 0.8 0.5 0.35 0.25 0.18 0.1 
Supply 5-3.3 5-3.3 5-3.3 2.5-1.8 1.8- 1.5 1.2-0.9 
Voltage (V) 
Interconnect 2 2-3 4-5 5-6 6-7 8-9 
levels 
Substrate 8x!O" 1.2x!O 2.5x10'' 3.4x!O'.' Sx!O" 1x!O'" 
Doping (cm·'J 
Junction depth 350-450 300-400 200-300 50- 100 36-72 20-40 
-DIS (nm) 
Depletion 0.71 0.57 0.39 0.24 0.19 0.1 
Region (I'm) 
Mobility 825 715 550 485 425 345 
(cm2Ns) 
Carrier life 3.6 2.3 1.1 0.8 0.6 0.3 
time (I' s) 
Diffusion 88 68 41 33 25 IS 
Length (I'm) 
Thus there are other sources of noise other than electrical crosstalk that need to be 
addressed when down sizing both photo sensing unit (PSU) and pixel. 
The scaling trend of doping-increase, decreasing mobility, lifetime and diffusion 
length of carriers, has a beneficial effect on the diffusion collection efficiency, 
improving performance for visible light applications (Lul9 et at., p2117). 
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Table 2.2 shows the effect on sensitivity and other important CMOS pixel 
parameters, of reducing pixel pitch, for Standard PD (std), PPD (ppd), TFA (tfa) and 
a TFA sensor with minimum rear electrode (min) (Lute et al., p2118). 
Table 2 2 Scaling trends of CMOS pixel parameters 
' 
Techno- 0.8 Jlffi 0.35 Jlffi 0.25 Jlm 0.18 Jlffi 
logy 
Sensor std ppd tfa std ppd tfa std ppd lfa std ppd lfa min ppd 
tvoe 
Area of 14 14 14 7 7 7 5 5 5 5 5 5 5 3 
pixel X X X X X X X X X X X X X X 
(lmh 14 14 14 7 7 7 5 5 5 5 5 5 5 3 
FF(%) 60 60 100 60 60 100 60 60 100 80 80 100 100 44 
Area of 
PSE 118 118 196 29 29 49 15 15 25 20 20 25 25 4 
(Jlm2) 
cdiffusion 5.75 7.19 5.75 2.7 3.4 2.7 1.87 2.14 1.87 0.65 0.83 0.65 0.65 0.83 
(fF) 
Cgate 
(tF) 2.06 2.06 2.06 t.t t.t I. I 0.67 0.67 0.67 0.45 0.48 0.48 0.48 0.48 
Cparasitic t.O 1.0 NA 0.6 0.6 NA 0.6 0.6 NA o.s o.s NA NA 0.5 
(fF) 
C~)e 9JA NA 12 37.2 NA 4.3 37.7 NA 2.5 23.7 NA 2.5 1.0 NA (fF 
Cintegration 
i.e. CoF 102 10.3 19.8 41.6 5.1 8.1 40.8 3.41 5.0 25.3 1.81 3.6 2.13 1.81 
(fF) 
q/C 
(!lYle) 1.5 15.5 8.1 3.8 31.4 19.8 3.9 40.9 32.0 6.4 89.0 45.0 75.0 89.0 
S: 
V/ 1.8 17.7 23.2 1.1 8.9 14.2 1.57 6.8 11.9 1.2 17.1 16.3 27.3 3.4 
(Jl,l/cm2) 
For these imagers, as the technology reduces, the integration capacitance and the 
sensitivity decrease as the above table demonstrates. This is another reason why 
investigating pixel configurations that reduce electrical crosstalk become even more 
critical as the pixel architecture shrinks. So the later is increasing while the 
sensitivity ( i.e. maximum QE) is decreasing which leads to an even more inflated 
Nonnalized crosstalk QE. 
20 
lfa 
3 
X 
3 
100 
9 
0.65 
0.48 
NA 
-1.6 
2.73 
59.0 
7.7 
Lule et a!., (2000, p2119) clearly highlights the advantages of the TFA 
configuration over the other FW CMOS pixels, 
"While scaling effects that increase leakage current or reduce dynamic range affect 
c-Si and a-Si:H equally, only TFA imagers are immune against negative scaling 
impacts on sensitivity such as salicidation or SOl Special process enhancements 
are necessary to keep sensitivity of c-Si detectors acceptable under scaling. For 
PPD image modules, salicidation blocking, implantation and microlenses are 
necessary. These process modules need to be adapted to every new process 
generation while the TFA backend process is ... adaptable to any new chip 
generation with ... fine tuning. In the future, the sensitivity of all investigated 
imager types will diminish with scaling since the photoactive region shrinks very 
quickly. If pixel size is always shrunk with the feature sizes, then TFA will remain 
to be the best option of the technologies known in literature today with regard to 
sensitivity.". 
This is encouraging to note because this investigation is aimed at exploring various 
BW pixel, which is a configuration ably suited for TFA orientation. The difference 
is that doped crystalline Silicon rather than amorphous Si:H is used as the device 
material under simulated investigation. 
Considering that the bulk of current research is focused on FW pixel sensitivity 
improvements with very little dedicated research on crosstalk suppression and 
response resolution optimization for BW SJPD and DJPD pixels it is clear that an 
investigation of the kind that is now being undertaken is way overdue. 
21 
3. THEORY 
This section introduces in the first part, the general theory of semiconductor physics 
that relates to the operation of the Photodiode and the development of the equations 
used in simulating the device response to incident light. In the second part of this 
section, the theory and equations associated with absorption volume proportion 
(A VP) is considered and developed. This is an important statistic, as it is used in the 
results to understand the simulated electrical response of the device under 
investigation. 
3.1 The Physics of Semir.onductor Devices 
To understand the electrical dynamics of the photodiode, the device under 
investigation, and the equations used in simulating the device response to incident 
light, it is important to appreciate some basic concepts in solid state physics and then 
develop the equations associate with the carrier dynamics. 
3.1.1 The Band Structure of Solids. 
There are three types of electronically defined solids that are considered at present in 
the study of solid state physics: conductors, insulators and semiconductors. Their 
electrical behavior is detennined by the degrees their valance and conduction bands 
are separated energetically. This band of multiple energy level splitting occurs in 
atomic lattices because when atoms are brought close together, their electronic 
energy wave functions overlap, splitting the possible energy levels that are available. 
In a many atom crystal lattice this splitting is so extensive the valence and 
conduction energy shells appear as bands. The energy gap between the top of the 
valence band and the bottom of the conduction band is called the band gap, Eg 
(Figure 3.1). 
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For insulators this band gap is relatively large and the bands are "far apart". 
Therefore, the chance of valance band electrons being promoted to the energetically 
distant conduction band is very low and so their conductivity is relatively 
insignificant. For conductors the bands overlap so their conductivity is relatively 
large. Semiconductors have their band gap relatively close so that changes in 
temperature, optical excitation and impurity content can cause their conductivity to 
vary by many orders of magnitude. Figure 3.1 shows the typical band structure of 
different solids above zero K. Figure 3 .1 a occurs in one-valence electron atoms such 
as Cu, Au and Ag. Conducting materials also have the bands overlapping as in 
Figure 3.1 b, especially for metals with two valence electrons. There is no 
conduction in Figure 3. 1d, which is typical of insulators. For Figure 3.1c, at a given 
temperature or steady state energy supply an equilibrium concentration of electrons 
exist in the conduction band. This is characteristic of semiconductors. 
Semiconductors can be either elemental or compound. Elemental semiconductors 
consist of a single species of atom and are found in column IV of the periodic table: 
silicon or germanium. Compound semiconductors consist of more than one atomic 
species from columns in the periodic table symmetrically either side of group IV 
elemental column. The device that this investigation simulates uses the elemental 
semiconductor, silicon. 
E 
Metal 
a) b) 
Semic on du ctor Insulator 
c) d) 
Conduction 
band 
Valence 
band 
Figure 3.1 Energy band diagrams of different solids. (Van Zeghbroek 2002 ). 
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3.1.2 Intrinsic Semiconductors. 
The present solid state knowledge of semiconductors can demonstrate two types of 
semiconductor: intrinsic and extrinsic. 
All semiconductors at absolute zero generally do not conduct as all valance electrons 
occupy the highest most quantum energy state associated with each atom in the 
crystal lattice, the valence band. As energy is imparted to the crystal lattice (as light) 
of energy greater than the energy gap between the valence and conduction bands (E8) 
some valence electrons absorb the energy and are promoted to the conduction band 
This leaves a vacancy, a positive "hole", in the valence shell associated with the host 
atom. Thus this absorption process generates "electron-hole pairs" (EHP). Hole 
energies increase downward through the conduction and valance bands while the 
reverse is the case for the electron energies. 
For a particular steady supplied energy state the rate of EHP generation and the rate 
of recombination are a constant such that an equilibrium por·'Jiation of electrons (no) 
and holes (p0) are continuously available, zero at zero K. For example, in an intrinsic 
semiconductor, no and po are 1.5 x 1010 cm-3 at 300 K (room temperature), also 
known as the intrinsic carrier concentration, ni. This is much less than the silicon 
atom density of 5 x 1022 cm-3• Thus the few electrons in the conduction band are free 
to move about via the many available empty states. 
3.1.3 Extrinsic Semiconductors. 
Extrinsic semiconductors are intrinsic semiconductors that have had other atomic 
species introduced to their crystal lattice causing additional levels being created in 
the intrinsic species' energy band structure, usually within the band gap 
(the gap between the semiconductor bands in Figure 3.1). The choice of doping 
species result in the production of either n-type or p-type doped extrinsic 
semiconductor. 
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In then-type semiconductor, there is a surplus of electrons as the doping atoms have 
more valence electrons than the host atoms. Hence they are donor species, donating 
electrons to the lattice structure. Their donor doping concentration is No and their 
introduced energy levels are in the band gap, closer to the conduction band than the 
valance band. In the p-type there is a surplus of holes as the dopant has less valence 
electrons than the host atoms. Hence they are acceptor species accepting electrons. 
Their acceptor doping concentration is NA and their introduced energy levels are in 
the band gap, closer to the valence band. The donor and acceptor species used in the 
simulations are Arsenic (As) and Boron (B) respectively. 
The equilibrium electron (no) and hole (po) concentrations are now raised above the 
intrinsic equilibrium carrier concentrations (ni)· They are related to No and NA by 
the law of mass action in the following way if N0 or NA are>> ni. 
(no). (po) = (n;)2 [3-1] 
If po >> ni then Po::: NA, and if no>> ni then no::: No. 
In the simulations n-type and p-type material of 1017 and 1015 cm'3 doping, 
respectively, are used. In the n-type semiconductor, the electron is the majority 
carrier with an equilibrium concentration equivalent to the Arsenic doping 
concentration of 1017 cm-3• From Equation [3-1], the equilibrium minority hole 
concentration will be only 2,250 cm-3• Similarly for the p-type semiconductor, the 
minority electron concentration is calculated still very low at 225,000 cm-3• Hence 
the terms minority and majority carriers are used. Thus for any EHP generating 
process, which produces equal carrier concentrations, the excess minority carrier 
concentration will be noticed far more compared to its thermal equilibrium 
concentration than the excess in the majority carrier population. The latter is usually 
still less than its thermal equilibrium carrier population. 
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3.1.4 Carrier Generation Processes. 
As this investigation is concerned with light detecting semiconductor devices, one 
generation process that is particularly applicable is light absorption carrier 
generation (Figure 3.2). If the incident light is of energy greater than the band gap 
an EHP is produced, the electron and hole absorbing the photon energy as kinetic 
energy. For ionization caused by high energy beams, multiple EHP are produced 
whose number is proportional to the energy ofthe particle (Figure 3.2) 
E 
------.~r----~...,.r-*~--Ev 
generation due to 
light absorption 
ionization due to charged 
high-energy particles 
Figure 3.2 Carrier generation due to photogeneration and ionization by high-energy 
particle beams (Van Zeghbroek 2002). 
For light travelling through a medium, such as a semiconductor, the photon 
attenuation through the medium decays exponentially. The rate of decay of intensity 
at a particular depth in the medium, is proportional to the intensity of the EMR at that 
depth. The proportionality constant for this function is called the absorption 
coefficient (a) and its relationship to the absorbed light intensity (I(x)) at a particular 
penetration depth (x) is given by 
I(x) = Io exp {-ax} [3-2] 
Electromagnetic radiation (EMR) travelling through a medium, such as a 
semiconductor, can be described more generally by Maxwell's equations which show 
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that the waves have a fonn given by the electric field vector dependence 
(Singh 1994, p 158), 
F = Fo exp{iw [(n/c)- t] } exp (-az/2) [3-3] 
Here, z is the propagation direction, ro is the light frequency, Dr is the refractive 
index, and, a is the absorption coefficient of the medium. If a is zero, the wave 
propagates without attenuation with a velocity c/nr However for non-zero a, the 
photon flux I is represented by Equation [3-2] where z is replaced by x, the 
penetration distance. (Singh 1994, p 158) 
Absorption of light may occur as : 
a) Intra-band absorption by valence electrons promoting them to the higher 
energy band, usually the conduction band or trap states. 
b) Intra-band absorption by conduction band electrons. 
c) Inter-band absorption by carriers in trap states occurring between the valence 
and conduction bands. This occurs with extrinsic materials. 
In Silicon the absorption coefficient, governing the way light is absorbed for 
different wavelength of light (A.), has been shown (Melchior 1972) to be 
Log a= 13.2131- 36.7985(}.) + 48.1893 (A)2 - 22.7562 (A)3 [3-4] 
Equation [3-4] is used to generate the absorption coefficient for light at 633 nm, 
which is used in the simulations in this project. Equation [3-4] gives an absorption 
coefficient of 0.2323 J.lm"1 for a wavelength of 633 nm. 
Figure 3.3 shows the variation in penetration depth with variation in incident light 
wavelength for silicon, generated from Equation [3-4]. 
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Figure 3.3 Photon penetration depth into c-Si vs wavelength (Melchior 1972). 
The Absorption Volume is the "volume" of light energy absorbed in a given volume 
(3D), cross section (2D) or linear distance (lD) of an absorbing medium, such as a 
semiconductor. The Absorption Volume Proportion (A VP) is that proportion of the 
incident light that is absorbed in a given geometric region of the semiconductor. It 
may be expressed as a percentage. The A VP formulae to calculate the A VP for 
particular regions in the simulated device, based on Equation [3-2], are given in 
section 3.2. The development of these formulae are presented in Appendix XX. 
In photogeneration, assuming that each absorbed photon creates one electron-hole 
pair, the electron and hole generation rates are given by Equation [3-5], where a is 
the absorption coefficient of the material for the given photon energy of in the 
incoming photon and P(x) is the illumination intensity, q is the electronic charge, 'A is 
the wavelength, h is planck' s constant, c is the current determined speed of light in a 
vacuum, and A is the area of illumination 
G light = G light = a qAP(x) 
P> n, . hcA [3-5] 
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Impact ionization , another generation process, can be caused by an electron or hole, 
with energy much larger or much smaller than the conduction or valance band edge, 
respectively (Figure 3.4). This is the counterpart of Auger recombination described 
below. The excess energy is given off to generate an EHP through a band-to-band 
transition. Both electrons and holes can cause avalanche multiplication in 
semiconductor diodes under high reverse bias in this way. Though the simulated 
photodiode in this investigation is necessarily reverse biased, the levels are not 
significant enough for impact ionization to be factored into the simulation's 
generation-recombination model parameters. 
E 
Impact ionization 
of electrons and holes 
Figure 3.4 Impact ionization and avalanche multiplication of carriers influenced by 
a large EMF (Van Zeghbroek 2002). 
3 .1. 5 Carrier Recombination Processes. 
After generation, carriers last for a certain time called their carrier lifetime, and then 
recombine. Figure 3 ._5 shows a number of possible modes of recombination. 
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band-to-band trap-assisted Auger 
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Figure 3.5: Semiconductor, carrier recombination mechanisms. 
(Van Zeghbroek 2002). 
Band-to-band recombination occurs when an electron and hole annihilate by the 
electron giving up energy as it relaxes directly back down to the valence band. This 
is typically a radiative transition in direct band gap semiconductors. This 
recombination depends on the density of available electrons and holes. Since both 
carrier types need to be available in the recombination process, the rate is expected to 
be proportional to the product of n and p. However in thermal equilibrium the 
recombination rate must equal the generation rate since there is no net recombination 
or generation. As the product of nand p equals n/ in thermal equilibrium, the net 
recombination rate is given by Equation [3-6] where b is the bimolecular 
recombination constant (Van Zeghbroek 2002). 
[3-6] 
Trap-assisted recombination or Shockley-Read-Hall (SRH) recombination occurs 
when the transition from the conduction to the valance band occurs via a "trap state" 
in the band gap. The presence of a doping species in extrinsic semiconductors or a 
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structural defect can cause this. Annihilation can occur in the valance band or in the 
trap-state. The net recombination rate for SRH (Van Zeghbroek 2002) is 
[3-7] 
For p-type semiconductors, where p >> n, Equation [3-7] becomes Equation [3-9]. 
For n-type semiconductors, where n >> p Equation [3-7] becomes Equation [3-10]. 
The minority recombination lifetime in Equation [3-7] is given by (ibid. 2002) 
1 
[3-8] 
SRH recombination is included in the simulation model used in this project. 
Auger recombination is a non-radiative band-to-band transition, where the energy 
loss is given away to generate another EHP. It is the main recombination process for 
devices with extremely high carrier concentrations due to high canier injection due 
to high excitation levels and high doping levels. The process involves three particles 
and thus scales with the third power of the canier densities (Nextnano3 2003). This 
mode of recombination at high excitation energies can be radiative or non-radiative 
(IOFFE 2003). This recombination is a possible simulation configuration parameter 
that could have been included in this investigation. However for the doping, biasing 
and photon-excitation regimes used in the simulations this recombination process did 
not need to be factored into the simulation model environment. 
The recombination rate is proportional to the excess carrier concentration. No 
recombination takes place if the carrier concentration, more noticeably the minority 
carrier concentration, equals its thermal equilibrium value as in Equation [3-1]. The 
recombination rate equations for p-type (U11 ) and n-type (Up) semiconductors are 
given by 
31 
[3-9] 
and 
[3-10] 
where np, Pm 0 11 , n and Rn are the minority electron and hole concentrations, and the 
generation and recombination rate for electrons, respectively. The denominator is 
the average minority carrier lifetime. For direct recombination the minority carrier 
lifetime is 
<; = ( a,(no +po)} _, [3-11] 
where "i" represents "n" or "p" for direct recombination lifetime of minority 
electrons and holes in p-type and n-type extrinsic semiconductors. "a.r'' is the 
constant of proportionality for recombination (cm3/s) that defines the excess minority 
electron (fin) and hole (fip) concentrations at timet in Equations [3-12] and [3-13] in 
p-type and n-type material, respectively. 
fin0(t) =fino .exp( -a,(n,o +p0o)t} [3-12] 
and, 
fip,(t) = fipo.exp( -a,(p,o +n,o)t) [3-13] 
Indirect recombination involves a series of smaller energy losses to the lattice as 
heat, via introduced doping impurity levels or traps in the band gap as discussed 
above. Here the minority carrier lifetime is complicated by each carrier in a 
generated EHP to be capture separately. The one that recombines may be re-excited 
before the other recombines. 
3.1.6 Carrier Transport Processes: Drift and Diffusion. 
Electrons and holes in a crystal lattice can not be considered to be completely free as 
they interact with the periodic potential of the lattice. Thus their wave-particle 
motion is not the same as electrons in free space. Thus an effective mass (m*) is 
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used in the equations of electrodynamics that are applied to charge carriers in a solid 
and is given by (Reynolds 2002) 
[3-14] 
Where rnn * is the effective mass of an electron (Kg), h is plancks constant (J-s), E is 
the energy and k is the wave vector (cm-1). The effective mass takes into account the 
shape of the energy bands in 3D k-space, taking averages over the various energy 
bands. 
Both conduction-electrons and valance-holes move in the lattice until they 
recombine. Without the presence of an electric field the electron then diffuses in the 
direction of lowest conduction-electron concentration in the crystal lattice due to the 
concentration gradient. In the presence of an electric field the conduction electron 
drifts through the crystal lattice in the opposite direction to the electric field towards 
the cathode. 
For holes, drift and diffusion operate similarly, except these transport modes result 
from a series of electron hole pair production and recombination. The initial hole 
recombines or is quenched with an electron from an adjacent atom in the crystal 
lattice. This then creates another hole in the adjacent atom, which itself is quenched 
Thus the original "hole" appears to "move" in the lattice associated with each atoms 
valance band. Without an applied voltage holes diffuse, otherwise they appear to 
drift towards the anode in the direction of the applied voltage. 
Figure 3.6 shows that, in an applied voltage, holes drift less and have lower mobility 
(J.l). This is due in part to their movement process as well as the holes having a 
greater effective mass as shown by, 
[3-15] 
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Where ll is the mobility, q is the electronic charge and t is the mean free time, 
representing the mean time between scattering events of the carriers in the crystal 
lattice. 
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Figure 3.6 Carrier mobility against doping concentration (Van Zeghbroek 2002). 
For low doping, the mobility of both earners is constantly limited by phonon 
scattering. At higher doping, the mobility decreases due to ionized impurity 
scattering, depending on the type of dopant. Figure 3.6 shows the mobility of 
electrons and holes in phosphorous and boron doped silicon, respectively. The 
mobility is linked to the total concentration of ionized dopants. 
The minority carrier mobility, the mam charge carrier m low injection 
photogeneration processes, depends on the total impurity density. The empirical 
Equation [3-16] gives the minority carrier mobility at particular doping 
concentrations and is (Van Zeghbroek 2002). 
[3-16] 
34 
The parameters for Equation [3-16] are recorded in Table 3-1. 
Table 3-1: Parameters for [3-161. Nan Zeghbroek 2002) 
Arsenic Phosphorous Boron 
2 l'min (em N-s) 52.2 68.5 44.9 
2 Jl-(cm N-s) 1417 1414 470.5 
N,(cm·') 9.68 X 1016 9.20 X 1016 2.23 X 1017 
"' 
0.68 0.711 0.719 
The minority carrier mobility is approximated by the majority carrier mobility in a 
semiconductor with the same number of impurities, as shown in Equation [3-16]. 
The resulting carrier mobility is summarised in Table 3-2. This is over the doping 
ranges used in the simulated pixel configurations in this project. 
Table 3-2: Mobility in silicon for different doping levels. (ibid. 2002) 
N Arsenic Phosphorous Boron 
1015 cm-3 1359 1362 462 
1016 cm-3 1177 1184 429 
1017 cm-3 727 721 317 
1018 cm-3 284 277 153 
1019 cm-3 108 115 71 
As Figure 3.6 shows, holes have the lower mobility. This means that hole drift 
contributes less to the conductivity (cr) of the semiconductor demonstrated by 
"• = qp~tp [3-17] 
For the electron conductivity (cr0 ) the hole carrier concentration (p) is replaced by n. 
This can be seen in Figure 3.7 that compares carrier Resistivity (Conductivity-1). 
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Figure 3.7 Resistivity of semiconductors against doping. (Van Zeghbroek 2002) 
Therefore for devices such as semiconductor light detectors where sensitivity of the 
capturing electrode is an issue, it is better to use an image-cathode as electrons have 
a higher mobility, resulting in a better conductivity and a higher electrode current. 
This is related to the carrier mobility in the device. 
Considering the diffusion process further, this process is due to random thermal 
motion that in itself does not give a current or net movement of charge. With a 
concentration gradient, photogenerated for example, the generated envelope spreads 
outwards towards the regions with less minority carrier concentration. Given that the 
product of the carriers thermal velocity and mean path length is defined as the 
diffusion coefficient (Dn or Dp) an expression for the resulting electron and hole 
current density (J) due to diffusion can be shown to be Equations [3-18] and [3-19], 
respectively 
dn J =qD-n ndx [3-18] 
[3-19] 
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The Einstein relation Equation [3-20] shows how the electron and hole diffusion 
lengths, in Equation [3-21], are proportional to their mobilities. 
kT D=f!.-
q 
L =../D.~ 
[3-20] 
[3-21] 
where Dis the diffusion coefficient, k is Boltzmann's constant, Tis the temperature, 
q is the electronic charge, ~ is the mobility, L is the diffusion length and t is the 
recombination lifetime. From Equations [3-20] and [3-21], in intrinsic silicon, 
electrons diffuse farther than holes by up to 1.7 times ( ../1350/480) at 300 K. 
The product of the conductance, Equation [3-17], and the electric field (E) gives the 
drift current. Combining these expressions for drift and diffusion currents, Equations 
[3-17], [3-18] and [3-19], expressions for the total electron and hole current densities 
becomes Equations [3-22] and [3-23], respectively. 
dn J, = qnf!,E + qD, dx [3-22] 
[3-23] 
By summing Equations [3-22] and [3-23], the total current density is obtained, 
which, when multiplied by ·the area nonnal to the currents direction, gives the total 
current. 
In modeling devices with uniform as well as non-uniform material compositions, the 
simulation package use for this project, SEMICAD DEVICE (1994), uses Equations 
[3-24] and [3-25], as quasi-electric field vectors in Equations [3-22] and [3-23], 
respectively. 
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and 
I 
e, = -V{\jf + -(k.T.Jn(Nc) + k.T.Jn(y,) +X+ Al'.c)} 
q 
I 
Ep = -V{\jf + - (k.T.ln(Nv) + k.T.ln(y,) +X+ Eo- Mlv)} 
q 
[3-24] 
[3-25] 
This accounts for any spatial variation in the material composition and the band 
parameters. N, and Nc are the effective density of states for the valance and 
conduction bands. X is the electron affinity, Eo is the band gap energy and &Be. aEv 
are offsets in each band due to bandgap narrowing. Included is the temperature 
profile kT, so the simulation package, will properly simulate thennal gradients in the 
device, if present, ex.cept for the temperature gradient term of current density. 
(SEMICAD DEVICE Manual1994 p. 286) 
3.1.7 Continuity Equations. 
The change in carrier concentration over time at a specific point in a semiconductor 
is due to the difference in the carrier current density arriving and leaving that point. 
Additionally it is due to the difference in generation and recombination rate at that 
point. This is what the continuity equations describe. Using a Taylor series 
expansion of the difference between the current densities rates of change, the 
continuity equations for electrons and holes are Equations [3-26] and [3-27], 
respectively (Van Zeghbroek 2002). 
and 
,m(x,t) =l aJ11 (x,t) +G ( )-R ( ) 
11 x,t 11 x,t 
.n q ax 
,:p (x, t) 
.n 
=-l aJp(x,t) +G (xt)-R (xt) 
a p ' p ' q X 
[3-26] 
[3-27] 
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Substituting Equations [3-22] and [3-23] into Equations [3-26] and [3-27], 
respectively, produces two partial differential equations as a function of the electric 
field (from Gauss' law), and the hole and electron concentrations, the latter being 
demonstrated (ibid. 2002) as 
.m(x,t) 
----'""'-'"- = 
a 
2 
a S(x,t) t! an(x,t) D a n(x,t) G ( ) R ( ) i';,n + i'n" + " 2 + n x,t - n x,t ox ox ox 
[3-28] 
For the equivalent hole continuity equation, the first two terms in Equation [3-28] are 
negated and all the "n" letters are replaced by "p". The SEMICAD DEVICE 
simulation solves this equation with the Poisson Equations ([3-3la]) for each node of 
the finite element mesh into which the simulated device structure is grided. 
The diffusion equations arise from Equation [3-28] in regions where the electric field 
is small. And so the current is only due to diffusion. Also the simple model for the 
net recombination rate is applicable (Equations [3-9] and [3-10]). Thus the time 
dependent diffusion equations (Van Zeghbroek 2002) are obtained. For minority 
electrons this equation is 
[3-29] 
By replacing the "n" and "p" by "p" and "n" in Equation [3-29], the time dependent 
diffusion equations for minority hole!~- is obtained. 
In the case where material is being illuminated with a constant excitation source, of 
photons for example, a steady state is arrived at for Equation [3-29] equating it to 
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zero. The general solution for minority hole concentration, Pn as a function of 
position is 
[3-30] 
where Pno is the equilibrium minority hole concentration, Xn is the position of the 
depletion region edge in the n-type material, Lp is the hole diffusion length and A and 
B are constants. By reversing "p" and "n" an expression for the steady state solution 
for the minority electron concentration as a function of position is obtained. Here L 
is the diffusion length as in Equation [3-21]. The diffusion coefficients are 
calculated using the Einstein relation, Equation [3-20]. (Zeghbroeck Van B. 2000) 
3.1.8 TheDrift-DiffusionModel. 
This model contains all the equations previously described. These equations are 
summarised below. The assumptions are that the dopants are fully ionized, in steady 
state (variable independent of time), at constant temperature, and the doping regimes 
are such that the device is non-degenerate - i.e. the Fenni energy level is 3kT above 
the valance band edge or below the conduction band edge for holes and electrons 
respectively. The ten equations are italixed numerically below: 
1. The charge density (p) equation : p=q(p-n+N/-N,") [3-31] 
This is used in the Poisson's Equation [3-32], and solves for the electrostatic 
potential the former being given in Equation [3-32] below. 
,a 
= -~(p -n + N~ 
... 
- N;,) 
[3-32] 
Here the charge density, p, is written as a function of electron, hole, ionized donor 
and acceptor concentrations. In the simulation model Equation [3-32] becomes 
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V(e.Vljl)=q {n-p+ L([N,-]-[N,+]+[N00-]-[N"'+])} [3-33] 
allspeci•s 
where E is the permittivity, q is the electronic charge, Na and Nd are the 
concentrations of ionized acceptors and donors and Naa and Ndd are the 
concentrations of ionized acceptor and donor-traps. Na and Nd calculations assume 
local charge neutrality; these values are not changed throughout a simulation. Naa and 
Ndd are calculated accurately at each bias point and time instance. 
(SEMICAD DEVICE 1M Manual 1994 p. 285). 
2. Electric fields and potential equations : 
(Electric field equation) [3-34] 
d$1dx =-E (Potential equation) [3-35] 
illlJidx = qe (Intrinsic energy level equation) [3-36] 
3. Carrier concentration equations : 
n = (n;)exp(F,- E;) I kT (electron concentration) [3-37] 
p = (n;)exp(E; - F,) I kT (hole concentration) [3-38] 
Fn and Fp are the electron and hole quasi-Fermi energy levels, respectively. 
4. Drift and diffusion current density equatians :Equations [3-22] and [3-23]. 
5. Continuity equations in steady state with SRH recombination as used in 
SEMICAD DEVICE simulations for electrons and holes being Equations [3-39] 
and [3-40], respectively. 
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O=laJ,_ np-n{ 1 
q ax E -E T 
n + p + 2n,· cosh( t 1 ) 
kT [3-391 
and 
1 8Jp np-nf 1 
0=-qax- E-E-
n + p + 2n1 cosh( t ' ) r kT [3-401 
3.1.9 The p-n Junction. 
When n-type and p-type semiconductors are brought together, a region depleted of 
caniers results. This region extending from the junction into each n-type and p-type 
region results is called the "depletion region" or the "Space Charge Region" (SCR). 
To reach thennal equilibrium, electrons close to the junction diffuse across the 
junction into the p-type region, where hardly any electrons are present This also 
happens for holes on the p-side diffusing into the n-side. This leaves a region of 
ionized donors and acceptors depleted of mobile carriers. This SCR or depletion 
region extends from x:::: -Xp to x:::: Xn in Figure 3.8. 
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Figure 3.8 Idealized diode cross section and SCR with width ~.(Van Zegh' 2002) 
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The ionized donors' and acceptors' charges, cause an electric field, which results in a 
drift of carriers in the opposite direction to their diffusion. When both currents are 
balanced thermal equilibrium is reached as indicated by a constant Fermi energy 
level (EF) across the junction as depicted in Figure 3. 9. 
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Figure 3.9 Energy Band diagram of p-n junction in thermal equilibrium 
(Van Zeghbroek 2002). 
Note that <Pr is the in built or thermal equilibrium potential of the p-n junction. This 
is caused by the work function difference between the two semiconductor types and 
is related to the doping concentrations on either side of the junction as 
[3-41] 
where Vt is kT/q = 25.9 mV at 300 K. <!>1 is sometimes called the barrier height or 
diffusion potential and is sometimes represented by V s. The terms lln and Pp are 
approximately Nd and Na, respectively, far from the junction. 
Under forward bias, there is an increased minority carrier concentration at the edges 
of the SCR (-Xp and· Xn in Figure 3. 8) than in equilibrium with no applied voltage. 
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This exponential increase is called minority carrier injection. The applied bias is 
pushing carriers into the semiconductor region from across the junction. Figure 3 .1 0 
shows the effect on the energy band diagram for forward biasing a p-n junction. 
Note that the barrier height decreases allowing current to pass. 
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Figure 3.10 Energy Band diagram of p-n junction under different bias (ibid 2002). 
Under forward bias the SCR ·width (XI in Figure 3.8) is seen to decrease and the 
current through the diode changes with the applied forward bias as Figure 3.11 
shows. 
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Figure 3.11 Current _ _voltage characteristic under forward bias (ibid Figure 4.4.5). 
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These four regions can be observed, although the high injection region rarely occurs, 
as the series resistance limits the current first. 
Under reverse bias, there is a reduced minority carrier concentration at the edges of 
the SCR than in equilibrium. This exponential decrease is called minority carrier 
extraction and results in an increase in barrier height (Figure 3.1 0) and an increase in 
the SCR width. Figure 3.12 shows the current through the diode is now very slight, 
reversed in direction to forward bias, but is constant and insensitive to voltage 
change. 
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Figure 3.12 Current voltage characteristics under forward and reverse bias. 
It is called the dark, generation (I(gen.)) or saturation current (Is), and its value is 
changed by temperature or carrier injection, e.g. photogeneration. The reverse 
current is proportional to the light intensity and not the applied voltage, which is 
ideal for the photodiode light detecting ability. This is the reason the simulated 
photodiode devices are reverse biased. 
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The total potential across the semiconductor must equal the difference between the 
applied voltage and the built in potential (Van Zeghbroek 2002) giving 
[3-42] 
where X11 and Xp are the distance the SCR penetrates into the n-type and p-type 
regions of the diode, respectively. 
It can be shown (Van Zeghbroek 2002) that the Total SCR width is 
_ ~2 .~, C-1- + _1_lC A _ v. l 
q N 0 Na 
[3-43] 
Hence the SCR width is dependent on bias and doping concentrations of the diode. 
As the reverse bias is increased the SCR width increases. A similar increase occurs 
if the doping decreases. Here the SCR width is more dependent on the region on that 
side of the metallurgical junction that is least doped. 
The junction capacitance density (F/cm2) dominates a reverse biased diode over the 
charge storage capacitance. It is also related to doping and biasing levels, shown by 
[3-44] 
An increase in reverse bias decreases the capacitance, while increase in doping 
increases the capacitance. 
The general expression for the ideal diode current is found by applying some 
boundary conditions of an operating diode, to the general solution of the diffusion 
equation [3-27], for each of the quasi-neutral regions. Assuming that the quasi-
Penni energies are constant throughout the SCR, then the minority carrier hole and 
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electron concentration at the SCR edges are given by Equations [3-45] and [3-46], 
respectively, with reference to Figure 3.8 (Van Zeghbroek 2002). 
V IV. 
= PnO e a t 
n (x=-x )=n eVafVt p p pO 
[3-45] 
[3-46] 
The carrier density at the metal contacts is assumed to equal the thennal equilibrium 
carrier concentrations, which implies that excess carriers immediately recombine at 
the metal contacts. Thus further boundary conditions represented by the following 
Equations [3-47] and [3-49] arise, with reference to Figure 3-8 again. 
p,(x = W,) = p,o [3-47] 
and 
Dp (x = -Wp) = Dp0 [3-48] 
Assuming steady state, an expression for the total current through the photodiode 
(Van Zeghbroek 2002) becomes 
l=A[J (x=~x )tJ (x=x )+J ]~I (eVaiVr -1) n pp nrs [3491 
• 
w 
coth(-"-)] 
Lp [3-50] 
The expression for the reverse saturation current is given as Equation [3-50]. 
The SRH Recombination-generation photocurrent, can be obtained by integrating the 
trap-assisted (SRH) recombination rate (Equation [3-5]) over the width of the SCR. 
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This results in an expression for the effective width, X' and is define (Van 
Zeghbroek 2002) as 
1 n[ (eVa fVt -1) 
r E-E-dx 
- x p n + p + 2n1 cosh( t 1 ) =----------------~k=T __ __ I X 
UsHR,max [3-51] 
Then the expression for the SRH current, due to trap-assisted recombination in the 
SCR, (Van Zeghbroek 2002) is given by 
JsHR = qnix (eVa f2Vr 2r 
-1) 
[3-52] 
The X' still needs to be determined by perfonning a numerical integration. 
However, an upper estimate of the current can be obtained by substituting X' with 
the SCR width as it is larger than the effective width (X'). 
3.1.10 The Photodiode. 
A conventional photodiode is a p-n diode that is operated in reverse bias so that the 
current response of the diode is proportional to the applied incident light and not the 
applied voltage (Figure 3.12). Though the applied voltage widens the SCR and can 
effect the capture efficiency of the electrode measuring the photocurrent, the 
electrical response is dependent on the location and intensity of the photogenerated 
carrier concentration. Figure 3.13 shows a p+n single junction photodiode (SJPD). 
The photodiodes used in imaging applications is included in an array of similar 
photodiodes that detect the incident light. Each photodiode in these imagi!lg arrays 
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Responsivity (R), Quantum efficiency (T](A)), dark current (Is) and bandwidth are the 
primary characteristics of a PD. The Responsivity is the quotient of the photocurrent 
and the incident optical power (AIW). The quantum efficiency (QE) being, 
1J(A )= he/ ,c 
AqP opt [3.54] 
where 1;. is the photocurrent at incident wavelength/.., his Planck's constant, cis the 
speed of light, q is the electronic charge, and Popt is the incident spectral power. This 
gives the number of carriers that are actually captured at an electrode for every 
photon incident on the device surface, whether or not reflectance effects exist for the 
device's total configuration. 
The simulations associated with this honours project, involve shining a laser of 633 
nm across an array, 160 ).lm long, consisting of three PD pixels each with a pixel 
pitch of 50 J!l1l and a well pitch of 20 11m (Figure 4.1). Understanding the QE 
response of the central pixel for different pixel well depths, doping and biasing 
regimes for SJPD and DJPD arrays is the main focus of this honours project. 
To compare between the electrical response of arrays with different pixel 
configurations, the QE is normalized (NQE). The NQE for illuminations at position 
"x" along the array is compared to the maximum QE response at position "Max". 
This is represented by Equation [3.55] below. 
NQE(x) = QE(x) 
QE(Max) [3-55) 
Since Auger recombination is not included in the simulation model it is important 
that the PD configurations simulated have SCR widths that are less than the distance 
between the underside of the well and the back wall of the substrate. This is so that 
each PD pixel's substrate is not fully depleted to the back wall. If this occurred in 
reality, generation and recombination processes other than the SRH process may 
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dominate the devices photocurrent generation processes. This means that for the PD 
pixels simulated, the distance must be less than the SCR substrate penetration 
distance, which is 99% of the SCR width, hence 1.86 urn, for the doping regimes of 
the default SJPD pixel mentioned above. 
3.1.11 Electrical Crosstalk 
The total absolute electrical crosstalk can be defined as the image electrode QE value 
for a given pixel when all pixels surrounding the given pixel are being illuminated 
while the given pixel is not illuminated. The total relative electrical crosstalk can be 
defined as the NQE value of a given pixel when all pixels surrounding the given 
pixel are being illuminated while the given pixel is not illuminated. In this project's 
2D simulation, the crosstalk determined is the pixel image QE or NQE response for 
illumination by the 5 urn wide simulated laser at the boundary of the central pixel of 
the three pixel array. These 20 values are called the absolute and relative 2D 
crosstalk, respectively. They vary proportionately with the 3D crosstalk values, 
There are two crosstalk mechanisms [Kang, 2002]: 
1) Electrical crosstalk : As a consequence of photon generated carriers 
(electrons or holes) within the nominal collection I absorption region of the 
photon incident pixel, crosstalk results, because associated minority carriers 
undergo diffusion to be collected by surrounding pixels. 
2) Optical crosstalk: This is crosstalk that is produced by the multiple 
reflection, refraction, and scattering of radiation between different surfaces 
within the chip. These include interfaces between insulators, silicon, epi-
layer, and exterior surfaces of the chip and its packaging. 
This honours project investigates electrical crosstalk in PD arrays that are illuminated 
from the front, directly onto the PDs' exposed electrodes, well and substrate, 
frontwall illuminated (FW) and illuminated from underneath the PD, backwall 
illuminated (BW), on the substrate surface (Figure 3-16). 
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and as such their quantum efficiency is generally higher than backwall illuminated 
(BW) pixel sensors. However, due to the region of absorbing substrate between the 
illuminated back:wall and the SCR of the BI pixel, this illumination mode is 
advantaged by being able to be made broadly wavelength specific (Hinckley et al 
2000). Figure 3.20 shows a BW SJPD array flip-chip Indium bump bonded to an 
application specific IC (ASIC) that contains the signal processing circuitry. 
N-well P-epilayer 
--------------
Configura hie 
Array Processor 
ASIC 
Indium Bump 
Interconnect 
Figure 3.20 3D Reconfigurable BI Photodiode Array. 
Advantages ofBW over FW imager arrays include: 
1. Near 100 % fill factor. 
2. Combination of different processing technologies for the chips. 
3. Flexibility tailoring the colour response of each pixel (wavelength selective). 
Disadvantage ofBW compared to FW imager arrays warranting this investigation: 
1. lower response resolution resulting in higher electrical crosstalk. 
This disadvantage is due primarily to the carrier envelope being photogenerated in 
the substrate that is contiguous across the backside of the imager array that acts as an 
electrical crosstalk "super highway". This free diffusion of image carriers across 
multiple pixels results in significantly more crosstalk in this mode of illumination 
compared to the imager array frontwall illuminated. 
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3.1.13 Introducing The Crosstalk Reduction Methods. 
Knowing that crosstalk is one symptom of poor pixel QE response resolution the 
technique employed to improve this resolution is to increase the image-electrode's 
capture field efficiency close to the pixel centre while attenuating the pixel response 
away from the centre. By far the most important process to suppress is "free" 
substrate diffusion as the diffusion length of carriers is longer than the pixel pitch in 
most conventional image arrays, indicating a possible solution. If the problem is 
substrate in origin, then reduce the substrate thickness. Attenuating this "free" 
diffusion passage will centre the pixel's QE response profile much more, giving 
better response resolution and crosstalk suppression. 
The next step is to increase the pixel sensitivity or image~electrode capture efficiency 
by bringing the SCR closer to the photogenerated carrier envelope, so that the 
minority carriers have a shorter distance to reach the SCR and be swept into the 
image-electrodes capture field. This increases the probability of a larger capture 
volume. Though this increases the capture efficiency across the whole pixel, the 
attenuated "free" diffusion passage will tend to limit the crosstalk carrier capture for 
illuminations away from the centre. Thus increasing the central response of the pixel 
while suppressing the response away from the centre. 
Though crosstalk reduction is achievable for the conventional SJPD pixels, the 
results are not significant, especially for the BW pixel as the location of the 
photocarrier envelope in the pixel volume will also effect the pixel QE response. If 
the carrier envelope is closer to the SCR then diffusion to it is more probable. Thus 
as FW is directed immediately onto the SCR and well its response for the 
conventional SJPD pixel is better, more response resolved than the BW pixel. In the 
BW pixel the carrier envelope is photogenerated nearer the back wall, encouraging 
more "free" substrate diffusion. This is another reason why limiting the thickness is 
especially helpful for better QE response resolution in the BW conventional SJPD 
pixels. 
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measured. The competing capture field of the surrounding guard~ring wi11 attenuate 
the image-electrodes response away from the centre while leaving the image-
electrode's central response only partially affected. This results in an increased pixel 
image response resolution and crosstalk suppression. 
Theoretically the use of a double junction Photodiode (DJPD) should have the same 
resolution improvement effect on the image electrode as the guarded pixel. Here the 
outer junction acts in the same way as the guard~ring capture field, though this time 
the outer junction completely encapsulates the inner image well. This means that all 
carriers photogenerated outside the outer well are captured by the outer junction 
while most carriers generated in the outer well are captured by the inner junction of 
the image~well. Therefore in theory the inner image-pixel associated with the inner 
SCR should respond electrically as if it were totally isolated from the electrical 
environment outside the outer well. 
The inner image response should behave as a normal FW or BW SJPD unguarded 
(naked) pixel, but only inside the outer well environment. In theory the results of 
this investigation may show excellent pixel QE response resolution that can be 
adapted to the response shape desired by the CMOS fabrication engineer, by varying 
doping, biasing and geometric regimes associated with the image pixel. 
3.2 Absorption Volume Proportion (AVPl 
3.2.1 Micro Versus Macro. 
Section 3.1 explained the theory for the simulated pixel QE response to illuminated 
light at the microscopic level of the simulated finite element grid; at the node level of 
the pixel. Though this response reflects the sum of all the individual carrier 
concentrations at the node level, the actual image~electrode response is a 
macroscopic one. Furthermore the microscopic node responses reflect to some 
degree the macroscopic configuration parameters that define the pixel's electrical 
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behaviour. The doping, bias and pixel geometry regimes all impact on the behaviour 
of the pixel at the quantum level, the later determined by the drift-diffusion model as 
applied by the simulation using the Poisson and continuity equations to numerically 
calculate the pixels photoelectric behaviour. 
This section seeks to view and explain the pixel's photoelectric behaviour by 
exploring a macroscopic tool called the absorption volume proportion (A VP) that 
shows how the absorbed light is distributed in the pixel, particularly in the regions of 
the pixel that affect the pixel's photoelectric behaviour. 
In this project only two nominal regions are used. They are the SCR (space charge 
region or depletion region associated with the photodiode's junction) and non-SCR. 
The latter constitutes all of the pixel volume excluding the volume occupied by the 
SCR. This analysis approach centres on the SCR as it is this region that is most 
influential in the pixel's photoelectric behaviour, as Section 3.1 has demonstrated. 
The SCR is especially associated with the drift transport process, as carriers, on 
arriving at its outer envelope, are quickly swept across it into the image-electrodes 
capture field. Thus the A VP calculated for this region is sometimes denoted the 
drift component of the total pixel A VP. 
The non-SCR, including the well region and the substrate region, is especially 
associated with the diffusion transport process for carriers photogenerated in this 
region. Thus the A VP calculated for this region is sometimes denote as the diffusion 
component of the total pixel A VP. This is not exactly true as the electrode capture 
fields may extend beyond the SCR at levels that initiate photocarrier drift before the 
carrier reaches the SCR purely by diffusion alone. However it is certainly a region in 
which photogenerated carriers are less dominated by drift than by diffusion. 
The A VP is detennined by applying Equation [3-2] to the region of interest and 
calculating the proportion of the incident light intensity (given the value 1) that is 
actually absorbed in the region of interest. Remembering that the direction of 
illumination of the pixel is important as BW pixels light attenuates initially from the 
back wall of the pixel, while FW pixels from the front wall. Thus a FW and BW 
A VP statistic is calculated for each region. 
62 
The quantum budget is a qualitative tenn used to denote the amount of photon 
energy that is available to be absorbed in the pixel, which may not all be absorbed 
("spent'') in the pixel as the beam may exit the pixel and be transmitted. The A VP 
statistics in this project i3 a tool that shows how the quantum budget is spent in the 
pixel as it enters and leaves; i.e. how much photon energy is absorbed in the SCR 
(SCR A VP) and how much is spent in the non-SCR A VP. Simply by replacing the 
incident light intensity by 100, the A V percentage can be computed. 
A 1.4 Mb discette is provided with the solutions applied in an Excel spreadsheet. 
This is to provide the opportunity to explore what effects changes to the pixel's 
doping, biasing and architectural geometry have on the various A VP data calculated. 
Furthennore, only the 2D A VP equations are presented, although 3D A VP results are 
available in the spreadsheet. The Excel spreadsheet will be elaborated on after the 
A VP equations have been presented. The author's experimental manual contains a 
full set of worked solutions the main portion of which is presented in Appendix. XX 
(Appendix 20). 
3.2.2 SJPD Pixel AVP Equations. (Don't worry! This will not hurt a bit!!) 
The calculation depends on defining pixel lengths that will be needed for the 
absorption equation to act upon. 
I(x) = 10 exp{ -ax} [3-2] 
In the Excel spreadsheet, the SCR width is calculated from Equation [3-43] as 
indicated in the bracketed expressions beside "Wout" and "Win" below. The Excel 
spreadsheet allows comparison between different pixel configurations of biasing, 
doping and pixel geometry. The A VP data can be compared graphically with the QE 
and NQE responses of the pixels, which may demonstrate significant power to 
predict pixel response. Though only 2D A VP equations are given, because they 
apply to the 2D simulated pixels, 3D total pixel A VP may be determined. 
63 
3.2.2.1 Variable definiiion: 
a= absorption coefficient: from Equation [3-4]; 
Io = incident intensity; 
P =pixel pitch (50 urn); 
W well = well width (20 urn); 
D; =Depth of the junction (well depth); 
Lw= laser width (5 urn); 
Wm = SCR width= Equation [3-43]; 
W,"= SCR width in the substrate ([!-(substrate doping/well doping)]*[3-43]); 
Win;;:;: SCR width in the well CWscr- Woot); 
T = thickness of the substrate. 
3.2.2.2 BW SJPD total ZD pixel SCR A VP [3-56] 
= (10 I P) { ( [exp(-a.(T- d; + W;.))- exp(-a.T)].[2.W.o,]) + 
([exp(-a.(T-d i))- exp(-a.(T- d; + W;.))].[Wwon + (2.W0o~)l) + 
([exp(-a.(T-d i- W, .. ))- exp(-a.(T- d;))] . [Wwonl) + 
The four lines associate with four SCR regions, which are backwall illuminated!! 
Line 1 =from the level of the SCR edge in the well to front wall; 
Line 2 =from the level of the junction to the level of the SCR edge in the well; 
Line 3 = from the level of the SCR edge in the substrate to the level of the junction; 
Line 4 = the quarter-circular regions of the 51 ;R associated with the well corners. 
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3.2.2.3 FW SJPD tota12D pixel SCR A VP [3-57] 
= (10 I P) { ( [ 1-exp(-a.(d;- W;,))].[2.W",]) + 
([exp(-u.(d;- W;,))- exp(-U.d;)].[ Wwon + (2.W, .. )]) + 
([exp(-U.d;)- exp(-a.(d; + W, .. ))].[ Ww,n] ) + 
The four lines associate with four SCR regions, which are Frontwall illuminated ! ! 
They are the same four regions as in the BW pixel's SCR AVP for Equation [3-56]. 
3.2.2.4 BW SJPD 2D pixel SCR A VP for 5 nm wide beam on pixel well wall. 
[3-58] 
= (lo I Lw) { ( [exp(-a.(T- d; + W;,))- exp(-u.T)].[W",]) + 
([exp(-u.(T-<1 i )) - exp(-a.(T- d; + W;,))].[ (Lwl2) + W,.J) + 
([exp(-a.(T-<1 i-w, .. ))- exp(-a.(T- d;))] . [Lw/2]) + 
The four lines associate with the same four SCR regions as for the BW pixel in 
Equation (3-56]. The difference is in the 5 J.U11 wide region of the SCR that is 
intersected by the illumination over the pixels well wall. Notice the exponential part 
of each line is identical to Equation [3-56] while pixel pitch (P) is replaced by laser 
width (L.). 
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3.2.2.5 FW SJPD 2D pixel SCR A VP for 5 um wide beam on pixel well wall. 
[3-59] 
= (Io I Lw) { ( [ I - exp( -a.(d;- W1,))].[W",]) + 
([exp(-a.(d;- W1,))- exp(-a.d;)].[ (Lw/2) + w,.,)]) + 
([exp(-a.d;)-exp(-a.(d;+ w,"'))].[Lw/2]) + 
As in equation [3-58], the same applies for this equation in relation to the other FW 
pixel A VP equation [3-57]. 
3.2.2.6 BW SJPD 2D pixel SCR A VP for 5 um wide beam on pixel centre. 
= Io [ exp( -a.(T -d; - W,"' )) - exp( -a.(T- d; + W1,))]. [3·60] 
This is simply a 5 J.Ul1 slice of the SCR normal to tL well's bottom edge, that is 
astride the pixel centre. It is the 5 J.lm wide region of the SCR from the level of the 
SCR edge in the substrate, to the level of the SCR edge in the well. Distances are 
reference to the back wall of the pixel. 
3.2.2.7 FW SJPD2DpixelSCRAVP for5 um wide beam on pixel centre. 
= 10 [exp(-a.(d;- W1, )) - exp(-a.(d; + w,.,))]. [3-61] 
This is simply a 5 urn slice of the SCR normal to the well's bottom edge, that is 
astride the pixel centre. It is the 5 urn wide region of the SCR from the level of the 
SCR edge in the well to the level of the SCR edge in the substrate. Distances 
reference to the front wall. 
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3.2.2.8 Total pixel A VP. [3-62] 
! 0.[1- exp(-a.T)]. 
When Io:::: 1, Equation [3-62] gives the proportion of the total quantum budget spent 
in the whole pixel. 
3.2.2.9 No11-SCR A VP. 
All the SCR A VP above have non-SCR A VP associated with them. They are 
calculated as the difference in the Total pixel A VP (Equation [3-62]) and each 
associated SCR A VP. Additionally this A VP can be divided into two parts: inside 
and outside the pixel's well. This can give additional infonnation that can explain 
the pixel's electrical response for illuminations inside and outside the well. However 
this project considers the more general non-SCR A VP statistics only. 
3.2.2 DJPD pixel A VP Equations. 
For the FW pixel A VP statistics the A VPs associated with the image-pixel are 
calculated with the pixel's lengths of the inner junction applied to the SJPD pixel 
A VP equations. The incident intensity is the same for the SJPD pixel. 
For the BW pixel A VP statistics the same applies, except this time the incident 
intensity is reduced to a proportion of the original intensity that remains after the 
light has been absorbed in the substrate and SCR of the outer junction which the 
incident light encounters first. 
Because the image-well width was not fixed in the DJPD simulations only the total 
2D and central (5 J.lm wide) illumination A VP data were determined for the range of 
pixel configurations investigated. For the worked solutions see the original 
experimental notes photocopied for your convenience in Appendix XX 
(i.e. Appendix 20). 
67 
4. METHOD 
The method used to investigate which pixel configuration has optimal response 
resolution and how it has optimum crosstalk suppression and central sensitivity, 
involves a research cycle. This cycle consists of collecting simulation results for a 
given range of pixels with a particular configuration parameter being varied. Then 
these results are compared graphically with the pixels' A VP data. Following this an 
attempt is made to explain the pixel response qualitatively taking into consideration 
the A VP, electron and hole and total QE response profiles. Also a comparison is 
made between BW and FW pixel response to again explain the advantages and 
disadvantages between them. Then the pixel relative crosstalk suppression is 
considered comparing BW and FW pixel NQE responses. The cycle then returns, 
investigating the variation of another pixel configuration parameter and includes an 
addition step that compares the new profiles with the previous responses for 
optimization considerations once again. 
The order of pixel configuration parameter variation testing is, 
I. Naked pixel response profile - effect of thickness and well depth. 
2. Naked pixel response profile- effect of boundary trench isolation (BTl). 
3. Guarded pixel response profile- effect of thickness and well depth. 
4. Guarded pixel response profile - effect of well electrode width and placement. 
5. Guarded pixel response profile- effect of w~ll and substrate doping. 
6. Guarded pixel response profile - effect of junction reverse biasing. 
7. DJPD pixel response profile - effect of inner well width and depth. 
Result statistics of total, electron and hole QEs, NQE and A VP data are used to 
compare the three main pixel types. As mentioned in the theory section, the naked 
pixel is a SJPD pixel with only a central image-electrode on the pixel's well. The 
guarded pixel is a naked pixel with an additional well electrode completely 
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surrounding the central image-electrode. The last type 1s the double junction 
photodiode (DJPD). 
As data continues to be gathered a wider comparison between pixels can be made so 
that further understanding can be gained regarding optimizing pixel configurations. 
Furthermore, extrapolating this understanding with the application of A VP data as an 
operational probe tool, to predict more optimal pixel configurations, will also be 
explored. 
This chapter considers the device structure and configuration parameters for the 
simulated pixels. The simulation file tools used to create the simulations are also 
defined. Finally a summary of the investigation protocol is given with an 
explanation of the simulation tool, SEMI CAD DEVICE. 
4.1 Simulation Parameters. 
The Device simulation package used ts commercial 2D finite-element package, 
called SEMICAD DEVICE. 
The device structure, as shown in Figure 4.1, is compatible with 0.5 j..lm CMOS 
technology with a 2 metal n-well process. 
Laser Beam 
.................. 
Si02 
Si Tdepth 
P-type epilayer 
160).11Tl 
Figure. 4.1 Schematic cross-section of SJPD naked pixel array front illuminated. 
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For the reference vertical PNP DJPD pixel, the doping types are reversed from that 
of the default NPN DJPD pixel (Figure 4.2), whiie the doping concentrations remain 
the same. In 2D, the image electrode is now at the centre of the inner well with the 
outer well electrodes appearing either side of the image electrode on the outer well's 
exposed surface. The dimensions of the outer well and array substrate are equivalent 
to those for the reference vertical SJPD array pixels (Figure 4.1). 
4.1.1 The Pixel Configuration Parameters. 
"Configuration" refers to the following parameters being set at particular values for 
the tri-pixel array in one simulation. Each pixel is identical. 
(A) Pixel topography- using square pixels, pitch (width) is a parameter. 
(B) Pixel volume shape- pixel depth (substrate depth) is a parameter. 
(C) Well topography- using square wells, for SJPD, well width is a parameter. 
For DJPD the parameters are 3a) inner well width and 3b) outer well width. 
(D) Well volume shape for this research using square wells, for SJPD, welJ depth 
is a parameter. For DJPD the parameters are, 4a) outer well depth and, 
4b) inner well depth . 
(E) Isolation trench and layer topography and volume shape- these are structures in 
the Pixel cross section that may add to the capture of unwanted photocarriers, 
such as crosstalk carriers. Only boundary trench isolation (BTl) structures are 
investigated, and that only for SJPD. Their parameters consist of, 
Sa) 2D surface width, 
5b) 2D sub-surface depth and 
Sc) location either side of the pixel's we11. 
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(F) poping the setting of a particular type of doping for structures in the 20 cross 
s'ection - "p" type or "n" type - and their concentration values are parameters. 
In SJPD pixels the parameters are 
6a) Substrate doping type and concentration and 
6b) well doping type and concentration. 
In DJPD pixels the parameters include 
6a) substrate doping type and concentration, 
6b) outer well doping type and concentration and 
6c) inner well doping type and concentration. 
For other regions or structures, of which there is only one other for this research, 
namely the BTl wells, the parameter is 
6d) BTl well doping type and concentration. 
(G) Reverse Biasing - the applying of a particular voltage to an electrode at the 
surface or the photodiode pixel that makes the intervening diode junction not 
forward biased. The bias detennines the electric flux density in the capture 
volume associated with the biased electrode. Thus the voltage applied to 
electrodes on the frontwall of the simulated array are parameters. 
(H) Electrode number per structure - Generally a single electrode is applied per 
structure i.e. per well and substrate. 
(I) Electrode placement - This parameter effects the electrode's electric field 
capture volume location. The position of the image~electrode is always at the 
centre of each pixel. 
(J) Electrode size - this last parameter effects the extent (width and depth) of the 
electric field at a particular location. Hence this parameter detennines the 
pixel's capture volume. 
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4.1.2 The Default or Reference Configuration Parameter Values : 
TABLE 4.1 The default SJPD pixel Configuration Parameter values. 
Pixel Configuration Parameters Value 
A. Pixel topography : Pitch. 50 Jllll· 
B. Pixel volume shape: Substrate depth. 3 ~m 
c. Well topography: width. 20 Jllll. 
D. Well volume shape: well depth. 2~m 
E(a). BTl width. 2Jllll 
E(b). BTl depth. O~m 
E(c). BTl centre of location in pixel. 10 J.lffi either side of the pixel well walls 
F(a). Doping: Substrate. PorN-type: 10" em·' 
F(b). Doping: Well. Nor P-type: 10" em"' 
(opposite type to Substrate) 
G. Reverse biasing. 2 volts : (applies to all PN junctions) 
Cathodes are biased and anodes earthed . 
H(a). Electrode number: 1 
Both Substrate and well 
I( a). Electrode placement : Substrate Centred on the pixel boundaries at 
positions 5, 55, 105 and 155 Jllll. 
l(b ). Electrode placement : Inner well Centred on each well at position 30, 80 
(only well in SJPD) and 130 Jllll. 
(for guarded SJPD, both outer electrodes 
end 1 Jllll from well's edges). 
J(a). Electrode width : Substrate 10~m 
(2 ~in some studies) 
J(b). Electrode width: Jnner well 18 Jllll (single electrode SJPD); 
(only well in SJPD) 4 Jllll ( triple electrode SJPD); 
1.6""' (DlPD). 
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TABLE 4.2 The Default DJPD Pixel Configuration Parameter Values. 
Pixel Configuration Parameters Value 
A. Pixel topography: Pitch. -SJPD 
B. Pixel volume shape: Substrate depth. -SJPD 
c. Well topography: width. -SJPD 
D. Well volume shape : well depth. -SJPD 
F(a). Doping: Substrate. -SJPD 
F(b). Doping: outer Well. -SJPD 
F(c). Doping: inner well. PorN-type: 10 cm-3 
(opposite type to outer well) 
G. Reverse biasing. -SJPD 
H(a). Electrode number: Substrate Inner -SJPD 
H(b). Electrode number: Inner Well I 
H(c). Electrode number: Outer well 2 
I( a). Electrode placement: Substrate -SJPD 
l(b ). Electrode placement : Inner well -SJPD 
I( c). Electrode placement: Outer well Ending 1 J.lffi ftom outer well's edges. 
J(a). Electrode width : Substrate -SJPD 
J(b). Electrode width: Inner well 1.6 ;.un (DJPD). 
J(c). Electrode width: Outer well 6.4~m. 
All Laser lllumination: ').. :;; 0.633 ).tlll; Laser width = 5 J.lm; Laser power = 0.1 J.lW. 
4.2 The SCAN and Calculated Electrode Data. 
One simulation scan ("SCAN") consists of simulating the scanning of a 5 J.liil wide 
0.1 J.lW laser of 633 nm, at 5 JUn inteTJials, across the 160 urn surface of the array 
detailed in Figure 4.1, with the starting illumination position at the left side of the 
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array, the "zero j.lm position". In the array cross section {Figure. 4.1}, the central 
pixel appears between the 55 J.ll11 and 105 J.lm positions, i.e. the central pixel 
. boundaries fall at these two locations. 
Of interest is the image-electrode response of the central pixel for each illumination 
position of the scan. This response is a current profile generated at the central 
electrode (image electrode) on the central well of the central pixel. 
A frontwall illuminated (FW) scan is one where the beam passed over the front 
surface of the array. This is the surface that features the electrode contacts. 
A backwall illuminated (BW) scan is one where the beam passes across the back 
wall of the array which is the substrate surface. 
Each finite element simulation in each SCAN relies on only Shockley-Read-Hall 
(SRH) recombination (Auger recombination has been excluded at this time) so that 
results for fully depleted array pixels can not be fully relied upon and require further 
verification by simulations using an Auger recombination definition in the device file 
(Section 4.6). Of particular interest are the total, electron and hole currents captured 
by the central electrode, the image electrode of the central pixel, for each of the 
illumination positions of the laser. 
4.3 The Absorption Volume Proportion (A VP). 
The A VP is a calculated device probe statistic that represents the proportion of 
incident light absorbed by the SCR and the non-SCR associated with a pixel of given 
configuration and illumination mode, wavelength, power and illumination width 
(Section 3.2). A VP data when compared with QE data, from the simulations, helps 
to associate trends between each data set. This lends benefits to an understanding of 
the carrier dynamics associated with a particular configuration. This consequently 
may benefit understanding crosstalk suppression and sensitivity enhancement that 
result in optimal pixel response resolution. 
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Tabulated Absorption volumes are recorded as percentages of the total incident 
illumination intensity. Graphed Absorption volumes are the AVP proportionate data, 
representing values from zero to one. The pixel configuration parameters that 
directly effect this statistic are the width and depth of wells, the doping levels on 
either side of junctions, the bias across junctions, the mode of illumination (BW or 
FW) and the width, position, power and wavelength of the illuminating beam. 
4.4 About The Result Statistics. 
The result statistics that are obtained from each individual simulation, include the 
quantum efficiency (QE) and the normaltzed QE (NQE) of the total, electron and 
hole currents. 
4.4.1 The Result Statistics defined. 
The QE is a ratio of the number of captured caniers per incident photon. Knowing 
the charge on one canier (C), the electronic charge, and the "captured" carrier 
current (C/sec), the number of captured caniers/sec is obtained. Then knowing the 
energy of one photon and the total incident power (J/s), the number of photon/ sec is 
obtained. The QE is then the quotient of the former to tbe later. 
The NQE for a particular illumination position is the quotient of the QE at the central 
pixel's image-electrode for that position and the maximum QE at the central pixel's 
image-electrode. Usually the maximum QE is captured when the illumination 
position is over that central pixel's image-electrode; i.e. at the 80 J.lm illumination 
position. However this may not be the case if the capture efficiency is greater at 
another illumination position for a given pixel configuration and illumination width. 
The relative crosstalk, experienced by the central pixel's image-electrode, is defined 
as the NqE of the total current captured by that image-electrode when the laser is 
illuminating over the 55 IJ.IIl position or the 105 J.lm position; the boundaries of the 
central Pixel. This is not the total crosstalk, which is more precisely obtained with a 
76 
3D simulation. However, with this "relative" value, the boundary NQE, it is possible 
to compare between relative crosstalk (pixel boundary NQE) and well-edge NQE 
response for different pixel configurations, so that limits to resolution and fill factor 
increase may be ascertained. 
For comparison with the collected QEs and NQEs, per SCAN, for a give subset of 
pixel configuration parameter permutations, included are the calculated A VP for the 
space charge region (SCR) or depletion layer and the non-SCR or the region of the 
pixel not bounded by the pixel's SCR. For the DJPD configurations, the inner SCR's 
and inner non-SCR's absorption volumes have been calculated as changes in these 
volumes ultimately effect the DJPD pixel image-electrode response. This is because 
photo carriers generated in the piXel volume outside the inner edge of the outer 
well's SCR, are captured by the outer junction of the pixel or by the outer junction of 
a neighbouring pixel and are therefore excluded from image-electrode capture. 
4.4.2 The Result Statistics. 
The results section reports on the effects of the pixel configuration parameter 
variation, in BW and FW pixel, on the following result statistics and absorption 
volume proportions (A VP). 
1. The QE responses of the image-electrode for illumination over various positions 
within the central pixel, including the boundaries. 
This is to gain an understanding of the extent of image-carrier capture 
suppression inside the pixel for future investigations involving resolution 
increase and down scaling for particular pixel configurations. This examination 
of the QE response is also to allow comparison between the different modes of 
illumination. The mechanisms underlying the IE's total current QE response 
may be elucidated by comparison with calculated A VP data for both illumination 
modes. Also, reference may be made, in some configuration parameter studies, 
to the electron and hole QE response. 
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2. The Maximum QE (measure of sensitivity) and central QE (expected maximum) 
responses are compared for different BW and FW pixel configuratfons. 
Though a particular pixel configuration may have excellent boundary normalized 
QE (NQE), i.e. minimal relative crosstalk, its maximum QE and hence its 
sensitivity may be reduced. The mechanism underlying each and any deviation 
between the two QE values, may be elucidated again, by comparison with 
calculated A VP data and the minority photocanier QE data. Understanding the 
response of these two result statistics, impacts on understanding crosstalk 
reducing measures, as the relative crosstalk is inversely related to one of these 
values and possibly both. 
3. Pixel boundary nonnalized QE (NQE) response of the image-electrode i.e. at the 
55 pm and 105 Jim illumination positions (Figure 4.1 ). 
This is acquired to discover which configuration, in the group of SCANs, has the 
least boundary NQE and hence the least relative crosstalk. Again the 
mechanisms underlying the ill's NQE response, may be elucidated by 
comparison with calculated A VP data as well as trends already observed for the 
boundary QE and maximum QE. 
4. NQE response at the image-electrode for illumination over the central pixel's 
well wall i.e. at the 70 }1111 and 90 pm positions. 
Especially in the case of DJPD configurations, this result statistic is obtained to 
discover which configuration in the group of SCANs has the least outer-well-
edge NQE and hence possibly the best configuration for fill factor increase. 
Again the mechanisms underlying the image-electrode's NQE response, may be 
elucidated by comparison with calculated A VP data. 
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4.5 The Investigation Senario. 
The effects on the above result statistics, of varying the following photodiode pixel 
configuration parameters are reported on. 
For SJPD pixels: 
The effl!ct of varying-
• Substrate and well depth in naked pixel; 
• Boundary trench isolation (BTl) well depth and width in naked pixel; 
• Substrate and well depth in guarded pixel; 
• The size and position of well electrodes in guarded pixel; 
• Doping of wells and substrate in n-well and p-well gUarded pixel; 
• Pixel electrode biasing; 
For DJPD : For both PNP and NPN pixels: 
The effect of varying -
• Inner well depth; 
• Inner well width; 
The above result statistics are reported and compared for each pixel configuration. 
Trends in these statistics are compared qualitatively with device photocarrier 
mechanics, resulting from the photon absorption characteristics, the number and 
localizations of SCRs, photocarrier drift, diffusion and mobility. These 
characteristics are detennined by the biasing and doping regimes and the geometry of 
structures (wells, BTl, etc) associated with the pixel array cross section. 
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4.6 The Simulation tool: SEMI CAD DEVICE™. 
To run a simulation, two files need to be defined: the device file and the rnn file. 
In the Device file, the basic array parameters and operating conditions are defined. 
These include material type, optics, recombination type, array pixel infrastructure 
geometry, doping species, doping concentrations, ohmic contact (electrode) size, 
placement and biasing as well as illumination beam number, their intensity, 
wavelength and width. For a basic example, the original template from which all the 
device files originate can be viewed in Appendix XVID. 
The Run file contains the program that does the simulation. Jt defines the parameter 
value loops which constitute the SCAN and contains the following elements; 
1. Inputs the device file. 
2. Redefines configuration parameters predefined in the device file. 
3. SimulaDs the interaction of the beam with the 2D array cross section 
4. Outputs a requested selection of calculated current and I or QE values to a 
defined output file for each scan position. 
The run file calls to the input file (device file) and then runs the SCAN, outputing 
defined pixel response characteristics for each position of the scan to an output file 
("<name>.dat"). Conveniently for the run file's pixel geometry variation loops, the 
array is defined inverted to Figure 4.1 so that backwall illumination is from above. 
For a basic example of a run file, the original template from which all the run files 
originated can be viewed in Appendix XIX. 
The numerical simulation divides the array cross section into a mesh, consisting of 
square, triangular and rectangular structures. On average SEMICAD DEVICETM 
mesh nodes are about 0.5 J.Lm apart. The grid is finer nearer electrodes and contacts 
between structures of different doping type and I or concentration, such as BTl wells, 
epilayer and junction structures. 
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The Poisson and electron and hole current continuity equations are solved using 
increasing degrees of Newton-Raphson Method computations, until the numerical 
solutions converge to give the hole and electron concentrations for each node in the 
mesh. From these concentrations the current density captured by each electrode is 
calculated. Under certain conditions these computations do not converge and the 
result is recorded as undefined. This can occur for silicon devices with illumination 
wavelengths near the violet end of the spectrum because the light is completely 
absorbed at the device's surface, with negligible sub surface absorption and 
subsurface photocarrier generation. 
This iterative, finite element method calculates the electron and hole currents across 
the array that are captured by the electrodes for each illumination position. 
Therefore one scan of an array of pixels of a particular pixel configuration, involves 
making this total array current calculation 32 times as there are 32 individual 
illumination positions across the array, scanning from the 0 j.lm position to the 160 
JA,m position. To save time some SCANs are attenuated to extending from the 30 j.lm 
to the 130 j.lm illumination position. 
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5. RESULTS 
This chapter presents the resulting graphical profiles for the effect of various 
configuration parameters on the total, electron and hole quantum efficiencies (QE), 
the normalized QE (NQE) and in some cases the absorption volume proportion 
(A VP). This is for both the naked and guarded vertical single junction photodiode 
(SJPD) pixels, as well as the vertical double junction photodiode (DJPD) pixel. The 
variation of some parameters does not change the A VP. For the DJPD the inner SCR 
A VP and the A VP of the remaining region inside the DJPD pixel's outer well, not 
including the inner SCR, is also considered. 
NB: Only in the Appendix is "Bl" and "FI" used for the acronym of "Backwall 
illuminated" pixel and "frontwall illumi11ated" pixel. respectively. 
5.1 The Vertical SJPD Pixel. 
The full set of result statistics generated from the simulation data for each parameter 
studied is tabulated in the results Appendices I and II. Results demonstrating the 
underlying trends in the total result set are presented graphically. 
5.1.1 Effect of Substrate Thickness and Well Depth on Naked Pixels. 
The two variables are studied together because they are related in terms of pixel 
response (Hinckley, Jansz, Gluszak, Eshraghian 2002) (Hinckley, Gluszak, 
Eshraghian 2000). The scan provides QE data for illumination positions across the 
160 Jlm length of the array. Since it is the central pixel's image-cathode response 
that is of interest, and the response is symmetical about the centre of the pixel, 
(i.e. symmetrical about the 80 Jlll1 position), the graph of these results only shows 
illumination positions 40 to 80 Jlm. 
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Figure 5.1 shows the BW pixel QE against illumination position, for pixels 
thicknesses of 3, 6 and 12 ~m and well depth of 0.5. I, 2, 4 and 8 ~m. where 
possible. The boundary occurs at position 55 JJ.m. The data are grouped by substrate 
thickness (SD) in that the 3, 6 and 12 J.lm thicknesses have points represented by 
squares, triangles and circles, respectively. Within each substrate group is the 
minimum and maximum well depth i.e. junction depth (JD) response. For pixels 
having other well depths, their responses fall inside these "boundaries". 
"SD/JD = 1214" refers to a pixel with a substrate and well depth of 12 ~m and 4 ~m, 
respectively. 
As the substrate thickness reduces, the QE profile reduces. As the well depth 
reduces the profile again reduces. The boundary QE is a minimum for the shallowest 
"substrate, though it has the least sensitivity, indicated by having the lowest maximum 
QE response. However the suppression at the boundary is proportionately more than 
at the centre of the pixel, implying that the boundary nom~alized QE (NQE) will also 
be a minimum for the shallowest pixels. All of this confinns previous findings that 
the shallowest BW pixel has the best response resolution (Hinckley, et al 2002) 
(Hinckley, et al2000). This implies that it has the minimum crosstalk and maximum 
central QE, the latter being a measure of the pixel's sensitivity. 
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Figure 5.2 shows the FW pixel QE against illumination position, for pixels 
thicknesses and well depth similar to Figure 5.1. The boundary occurs at 
illumination position 55 J.ltn. The data is grouped by substrate thickness (SD) and 
then by well depth in the same way as for Figure 5.1. "SD/JD = 1214" refers to a 
pixel with a substrate and well depth of 12 ~m and 4 J.Un respectively. 
Note the suppression for illuminations over the well region increases with increasing 
well depth (JD), clearly more pronounced for this mode of illumination. Also the 
more proximate the illumination to the well centre, the worse is the problem. 
Without the benefit of Absorption volume proportion (AVP) data, the physical 
reason is not immediately clear. 
Common to both modes of illumination is that the shallowest substrate pixel (3 J.lm) 
is insensitive to well depth. Contrasting both modes of illumination, outside the 
well, the BW pixel QE response is less steep than the FW response, implying a less 
suppressed QE response. This degree of enhancement of the BW pixel response 
lessens, as substrate thickness decreases, until the responses for both is 
indistinguishable. It is unclear from the total QE data, without reference to the 
individual carrier response and A VP data, the reason for the suppressed profile inside 
the well for the thicker substrate, deeper well pixels. 
Figures 5.1 - 5.2 represent the QE against illumination position, demonstrating the 
spread of the response. Also useful for analysis purposes is graphing against the 
varying parameter. In this way each line on this transformed graph represents the QE 
response at one illumination position. Also A VP data can be included for 
comparison with the QE response across the pixel. 
Initially the relationship between QE response and the well's deoth is considered. 
Using the deepest substrate pixel (12 Jl!Il) with varying depth of well, a survey of 
illumination positions from 45 to 80 J.lm is undertaken, i.e. illumination positions 
from the pixel centre outwards. The relationship of the electron QE (hence the hole 
QE) and the A VP profile for illumination over the well wall (70 ~m position) and at 
the centre (80 J.lm position) are compared to the simulated QE position profiles. 
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The relationship between QE response and well depth is now investigated. 
Figure 5.3 shows the BW pixel QE response for the 12 J.lm thickness substrate and 
well depth from 0.5 to 8 ).lm for illuminations outs~'de the central well compared to 
the A VP data. For full QE and A VP results see Appendices I and II, respectively. 
The slope increases positively as illumination moves closer to the well wall 
(70 I'Jll position), the space charge region (SCR) envelope. The SCR A VP also 
increases indicating increasing capture efficiency as well depth increases and 
proximity to SCR increases. The diffusion component, which is proportional to the 
non-SCR A VP response, has more influence on the QE response further from the 
SCR, countering the drift component increasing with junction depth. 
Figure 5.4 shows the FW pixel QE response for the 12 ).lm thickness substrate and 
well depth from 0.5 to 8 J.lm for illuminations outside the central well compared to 
the A VP data. . For full QE and A VP results see Appendices I and II. respectively. 
The response parallels the SCR A VP data more than the BW response, as the 
illumination approaches the well wall. This is related to the higher SCR A VP profile 
and the better resultant capture efficiency, making the drift component dominate 
• 
more than for the BW pixel. The BW pixel is dominated more by the diffusion 
component owing to more absorption away from the SCR. 
It is noticeable that the FW pixel QE (55 ~ profile) is more suppressed away from 
the well, while more enhanced next to the well, compared to the BW response. 
Again the increased capture efficiency by all pixels encourages less "free" crosstalk 
carrier diffusion from outside the pixel boundaries, while enhancing capture closer to 
the well wall. Also the FW and BW pixel's negative hole QE profile is minimal 
outside the well, owing to the minority carrier generated in this p-substrate region 
being the electron. 
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Figure 5.5 shows the BW pixel QE response for the 12 J,lm thick substrate and well 
depths from 0.5 to 8 Jllll for illuminations over the central well wall and centre. 
These are contrasted with the BW pixel A VP profiles for similar illumination 
positions. If the electron QE is above the total QE, the gap represents the hole QE, 
indicative of negative hole current generated in the n-well. For full QE and A VP 
results see Appendices I and II, respectively. 
For the BW pixel, the QE suppressing hole current is only noticeable at the well 
centre and only for the deepest well, where a larger portion of the non-SCR A VP is 
absorbed. This advantage for the deeper BW SJPD pixels is not significant as the 
shallower pixels present better reduced boundary QE (crosstalk) advantages. 
Figure 5.6 shows the FW pixel QE res!lonse for the 12 Jl111 thick substrate and well 
depths from 0.5 to 8 Jlm for illuminations over the central well wall and centre. As 
in Figure 5.5, these are contrasted with the A VP profiles. For the FW pixel, the QE 
suppressing hole current is very noticeable, increasing towards the pixel centre, 
where, due to the immediate proximity of the illumination to the wen, a greater 
portion of the non-SCR A VP is absorbed, compared to the BW pixel. For full QE 
and A VP results see Appendices I and II, respectively. 
Comparing the two A VP profiles between the 70 and 80 Jlm illumination positions, 
between BW and FW pixels, it is noted that the FW pixel response changes 
considerably, reversing the direction of response for increasing well depth. Due to 
the continuous illumination of an increasing SCR volume over the well wall and a 
increasingly distant SCR volume at the well's centre, the maximum QE, the most 
sensitive illumination position, shifts from the centre to the well wall. This 
advantages the BW pixel as has been already noted. 
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The relationship between QE response and substrate thickness is now investigated. 
This is important for comparison with the above response for well depth variation. 
Figure 5.7 shows the BW pixel QE response against varying substrate thickness. 
Here the 3/1, 6/1 and 12/1 guarded pixels will be considered where 3/1 means 
substrate and well depth of 3 I'Jil and I I'Jil, respectively. For full QE and A VP 
results see Appendices I and II, respectively. 
The response is linear from the pixel boundary outwards. The rising QE profile, 
compared to the exponentially decreasing SCR A VP profile and the increasing 
non-SCR A VP profile indicates that the increasing pixel capture efficiency is 
dominated by more diffusion component of the photocanier transport. Furthermore, 
the coincidence of the electron QE (nQE) and total QE (QE) profiles for illumination 
over the pixel well (70 and 80 I'Jil positions) indicates insignificant hole QE (pQE) 
from inside the well. This indicates that the increasing pixel capture efficiency is 
dominated by diffusion in the increasing p-substrate of minority electron 
photocarriers. 
Figure. 5.8 shows the FW pixel QE response against varying substrate thickness. 
The same pixel geometries for Figure 5. 7 are considered here. For full QE and A VP 
results see Appendices I and II, respectively. The BW response is similar, though 
this response is more enhanced next to the well and inside the well, while more 
suppressed away from the weii, towards the pixel boundary. This is due to the 
constant SCR A VP profile, which is decreasing in the BW pixel, that enhances 
capture efficiency close to the well while limiting the diffusion component in the 
substrate that reduces crosstalk capture, owing to a less enhanced non-SCR A VP 
profile compared to the BW pixel. Similar to the BW pixel, the nQE and QE profiles 
coincide, indicating that photogeneration in the p-substrate dominates as the source 
of image caniers. Note the 311 BW pixel and 3/1 FW pixel QE response are similar 
owing to their similar A VP profiles, again reiterating the importance of the A VP 
statistic in predicting whether a particular pixel configuration has optimal crosstalk, 
sensitivity and trans-pixel QE characteristics that includes suppressed QE profile 
outside the well and an enhanced QE profile inside the well. 
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Figure 5.9 shows the comparison of the NQE profiles for the BW pixel and FW 
pixel with the shallowest thickness, having the best NQE profiles. The lower FW 
pixel boundary NQE is not significant enough to make any distinction between the 
two modes of illumination. The profile indicates that the NQE responses for these 
pixels are insensitive to well depth. For full NQE and A VP results see Appendices I 
and II, respectively. 
The minimum boundary NQE response is relatively insensitive to changes in well 
depth, within the limited range that could be tested owing to the shallowness of the 
substrate and the 1.86 )lm wide portion of the SCR that penetrates the substrate 
below the well junction. The minimum NQE value is 0.077, recorded for the 
shallowest well and substrate FW pixel. The same pixel BW has an NQE value of 
0.087, 13% more, and is also the minimum value for all the BW pixels considered. 
The lowest relative crosstalk occurs where the 2D total pixel SCR A VP is greater 
than the minimal non-.~CR A VP (Appendix II). This has a dual effect. Firstly, the 
minimization of the diffusion in the substrate surrounding the well reduces the 
Pixel's boundary QE (Figures 5.1 & 5.2). Secondly, a suppression of the 
QE~reducing hole current, generated less in the shallower wells, tends to maximize 
the QE and hence maximizing the maximum QE (Figures 5.1 & 5.2). These two 
effects, due to the shallower well and substrate geometry, serve t0 minimize the 
boundary NQE. thus minimizing the pixel's relative crosstalk. 
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Figure 5.9 : BW & FW naked SJPD : single cathode (18um) on 
well: The pixel's normalized QE (NQE) for the left half of the central 
pixel; the BW & FW 3 urn substrate naked pixels' responses are 
compared. 
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5.1.2 Effect of Boundary Trench Isolation (BTl) on Naked Pixels. 
As stated in the method (Section 4.1.2, p 71) each BTl is 2 ~m wide, and are centred 
5 J!m from the pixel boundary either side of the pixel's well. They are doped asp+ 
1019 cm·3• Initially presented are the QE responses graphed against the illumination 
positions, for a representative selection of the total data set (Appendix m & N). 
This small sample shows the general trend in the pixel response profile repeated in 
all pixel geometries, to a lesser or greater extent, as the BTl depth is varied. 
Figure 5.10 shows the BW pixel QE response for different pixel configurations 
against the illumination position. The data is grouped by configuration, each 
consisting of the control pixel QE response (no BTl) and the QE response of the 
same pixel with the deepest BTl (test). Test and control Electron QEs are also 
demonstrated. 
For BW pixels, the presence of the BTl suppresses the QE response from the 
boundary outwards, while enhancing the response inside the pixel. The exception is 
the 3/1 pixel with thickness 3 J.lm and a well depth 1 J.lD1 (3/1 pixel). The 
enhancement inside the well that is observed for the other pixels is reversed for this 
pixel configuration. Generally the electron QEs (nQE) are coincident with their 
associated total QEs from the well wall outwards. More noticeable in the deeper 
well pixels - e.g. the 6/4 pixel - inside the well, the nQE is greater than the total QE, 
implying a more significantly constant negative hole current. The presence of the 
BTl influences a suppression of both carrier QEs in the well. 
Figure 5.11 shows the FW pixel QE response against the illumination position and 
data groups as in Figure 5.10. The general trend in QE profile is the same as for the 
BW pixel, including the exception for the shallowest pixel response in the well. The 
trend in nQE and inferred pQE is also the same, though for the FW pixel's well the 
pQE is suppressed more than the nQE, compared to their respective QE response for 
the non-BTl control. The FW pixel response profile becomes broader and steeper as 
thickness and well depth increases, compared to the BW pixel. The FW pixel profile 
is increasingly more resolved as pixel thickness and well depth increase. 
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Figure 5.10: BW naked SJPD: single cath6de (18 urn) on well: 
The IE QE dependence on BTl depth for different pixel geometries 
for illuminations from the centre, to the well wall of the 
neighbouring pixel. 
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The IE QE dependence on BTl depth for different pixel geometries 
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Figures 5.12 and 5.13 show the 6/2 central pixel QE response dependence on BTl 
well depth for illumination positions outside the central pixel up to the well wall (45 
to 65 J.tm position), for BW and FW pixels, respectively. Note that "6/2" refers to a 6 
J.tm sub•,;trate and a 2 J.tm well depth pixel. The trend in Figure 5.10 and Figure 5.11 
is repeated here with the FW more suppressed than the BW pixel QE response. The 
exception being that the QE response's relationship to the BTl well depth can now be 
observed. 
The Suppression tables (Appendices V & VI) indicate that for both BW and FW 
pixels, the presence of the BTl wells, which are equal to or greater than the pixel's 
well depth, suppress the pixels image QE response from the pixel boundary outwards 
(i.e. 45 to 55 J.tm illumination position QE response, given above). 
The enhancement tables (Appendices V & VI) indicate a generally increasing 
enhancement of the QE response for illuminations between the pixel well wall and 
the nearest BTl well, with increasing BTl depth. This is for the 65 and 60 J.lm 
illumination position QE response in Figures 5.12- 13, given above. 
In both BW and FW pixels it can be seen that the suppressed QE response in the 
lower profiles (from the pixel boundary outwards), indicate a somewhat exponential 
trend in the QE suppression with arithmetically increasing BTl depth. This trend is 
generally apparent throughout all the pixel configurations simulated for this BTl 
investigation section. The full data set confirms this trend (Appendices m & IV). 
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Figure 5.12: BW SJPD: single electrode on well (18 urn): The 
IE QE dependence on BTl depth, for the 6/2 pixel geometry, for 
illuminations outside central well. 
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Fig 5.13: FW naked SJPD: single electrode (18 um) on well: The 
IE QE dependence on BTl depth, for the 6/2 pixel geometry, for 
illuminations outside central well. 
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Figure 5.14 shows the BW pixel QE response against a parameter that is related to 
the BTl well width: i.e. the number of BTl wells between the point of illumination 
and the central pixel image cathode. The QE response of the 6/2 and the 3/0.5 pixels 
are shown. The dashed profiles represent the non-BTl naked pixel control responses. 
The slope increases with substrate thickness increase and with pixel well depth 
increase. Note the response is somewhat exponential, similar to the BTl well depth 
QE suppression response in Figure 5.12, though more so i.e. more linear on a log 
graph than the response in Figure 5.12. 
Figure 5.15 shows the FW pixel QE response towards dependency on the number of 
BTl wells intervening between the illumination and the image cathode. The data is 
presented in the same way as Figure 5.14. 
Note the semi-exponential trend again, which has a concave-down profile. This 
"bend" may be due to the FW pixel QE response for one BTl well intervening, being 
more suppressed than the BW pixel response. The two end points are similar for 
both BW and FW pixels; the FW is only bending down in the centre of the profile. 
Clearly there is more recombination occurring in the FW pixel response due to the 
closer proximity of the frontwall illumination to the BTl well. 
104 
(cf/ Full Results naked SJPD with BTl: Appendix Ill & IV.) 
1.E+OO --.-- ---------------------------. 
-c 
0 
0 
~ 
c. 
-Q) 
-w 
0 1.E-01 
-w 
:::::::. 
Q) , 
e 
t) 
Q) 
'i 
I 
Q) 
C) 
CG 
E 
.fll 
Q) 
.~ 
c. 
"C 
Q) 
~ 1.E-02 
c 
i! 
-c Q) 
0 
~ 
m 
- .. - QE : 6 I 2 ; non-BTl control 
• QE : 6 I 2 ; BTl = 2 urn. 
• QE : 6 I 2 ; BTl = 4 urn. 
- -e- QE : 3 I 0.5 ; non-BTl control. 
A QE : 3 I 0.5 ; BTl = 0.5 urn. 
& QE : 3 I 0.5 ; BTl = 1 urn. 
o QE : 3 I 0.5 ; BTl = 2 urn. 
1.E-03 +-------------~-------------\ 
0 1 
number of BTl between illumination and image electrode (IE) 
Figure 5.14: BW naked SJPD: single electrode (18 urn) on well: 
The IE QE dependence on the number of BTl wells between the 
illumination and IE, for different pixel geometry. 
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Figure 5.15: FW naked SJPD: single electrode (18 urn) on well: 
The IE QE dependence on the number of BTl wells between the 
mumination and IE, for different pixel geometry. 
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Figure 5.16 show the response inside the well of the QE for 6/2 BW pixel; the 
response outside the pixel's well being considered previously (Figure 5.12). On the 
well wall (70 Jlm position), the hole QE (pQE) is immediately and totally suppressed 
while the the electron QE (nQE) is enhanced increasingly as BTl well depth 
increases. For illumination at the centre, both canier QEs are immediately 
suppressed to levels that remain constant as BTl well depth increases. Also the 
maximum QE is more coincident with the response at the well centre than the 
response at the well walls. 
Figure 5.17 show the response inside the well of the QE for 6/2 FW pixel. On the 
well wall (70 Jlm position), the pQE is suppressed immediately to a constant level, 
unlike the BW pixel's pQE which is totally suppressed and the nQE is enhanced 
increasingly as BTl well depth increases. For illumination at the centre, both carrier 
QEs are immediately suppressed to levels that remain constant as BTl well depth 
increases. Also the maximum QE is more coincident with the response at the well 
wall than the response at the well centre. 
Th+~ nQE enhancements at the well wall and suppression at the well centre are similar 
for BW and FW pixels, though the well wall response is higher in the FW pixel as 
the non-BTl nQE value starts higher. The pQE suppression across the well is greater 
in the FW pixel. Also the maximum QE response is shifted more to the centre in the 
BW pixel, while shifted to the wall in the BW pixel. 
With reference to the enhancement tables (Appendices V & VI), for thicker 
substrate, deeper junction pixels' QE response is similar to the enhancement outside 
the well. Shallower junction pixels' test and control QE response difference is 
insignificant (1 %). For a given pixel configuration the enhancement of the QE 
response is immediate and constant as the depth of BTl wells increase. 
For both BW and FW pixels, the electron current is enhanced at the well wall, while 
suppressed at the wel1's centre across all pixel configurations considered. But more 
noticeable is the immediate, nearly total suppression of hole current inside the well, 
for even the shallowest BTl wells, at pixel junction depth, across all pixel 
configurations considered. 
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Figure 5.16: BW naked SJPD: single electrode (18 um) on well: 
The IE QE dependence on BTl depth, for the 6/2 pixel geometry, 
for illuminations on the well wall and well centre. 
108 
0.95 
0.94 
0.93 
- 0.92 c: 
0 
.... 
0 
-a 0.91 
-Cl) 
-w 0.9 a 
-w 
-; 0.89 
"C 
0 
... 
.... 0.88 () Cl) 
Q; 
I 
Cl) 
~ 0.87 
E 
-"' 0.86 Q; 
)( 
a. 
"C 0.85 
Cl) 
.X 
cu 
c: 0.84 
'i 
... 
.... 
c 
Cl) 0.83 () 
:: 
u. 
0.82 
0.81 
0.8 
0.79 
0 
(cf/ Full Results naked SJPD: Appendix Ill & IV.) 
---
---
--------~-------------------
----
--
------
------
• QE@ 70 (on well wall) 
- .,._ nQE@ 70 (on well wal l) 
• QE@ 80 (centre) 
- ~- nQE@ 80 (centre) 
• maximum QE 
2 4 
Boundary Trench Isolation (BTl) well depth (microns). 
Figure 5.17: FW naked SJPD: single electrode (18 urn) on well: 
The IE QE dependence on BTl depth, for the 6/2 pixel geometry, 
for illuminations on the well wall and well centre. 
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Figure 5.18 shows the pixel boundary NQE response (the relative crosstalk statistic) 
for the shallowest pixel configurations (3/0.5) with the minimum NQE response, 
which demonstrates that the FW profile is marginally lower. The gap between the 
two profiles, increasing with increasing substrate depth, results because of the 
increasing gap observed for the control pixel's response. This was observed in 
Section 5.1.1. 
The NQE suppression profile on a log-linear graph demonstrates a semi-exponential 
trend, though the reason for the plateau that appears between 0.5 and 1 J..lm BTl depth 
is unclear, in both log and linear profiles. The minimum NQE value is 0.041, 
recorded for the shallowest well and substrate FW pixel with the deepest BTl well 
(2~tm). The same pixel BW, has an NQE value of 0.048, 17% more, and is also the 
minimum value for all the BW pixels considered. 
The degree of suppression of NQE is slightly more (2%) in the BW pixel with the 
shallowest BTl well, while slightly more (2%) in the FW pixel with the deepest BTl 
well. Thus the substrate depth and junction depth are more responsible for the 
greater degree of suppression of the NQE in the FW pixel as its control NQE is 
already 12% below the BW pixel NQE. Thus the shallowest substrate pixel has the 
minimum relative crosstalk. 
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Figure 5.18: BW & FW naked SJPD: single electrode (18 urn) on 
well: The IE NQE (relative crosstalk) dependence on BTl depth, for 
the 3/0.5 pi~el geometry, for illuminations on the pixel boundary. 
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5.1.3 Effect of Guard· Ring Cathodes on Naked Pixels. 
In this section the effect on the image-cathode's QE and NQE response of 
introducing a guard-ring cathode to the pixel's well surface is investigated. In 2D the 
guard-ring, biased equally with the image-cathode, appear as two cathodes 
symmetrically either side of the central image-cathode, contacting with the n-well 
front surface. For the BW and FW pixel QE and NQE results see Appendix VII. 
Theoretically, the introduction of a guard-ring electrode reduces the capture envelope 
of the image electrode, by their electric fields competing for the image carrier 
population. Looking down on the pixel surface the guard ring takes the shape of a 
square annulus. The choice of size and position of the guard electrodes is 
retrospectively selected as a result of conclusions arrived at in experimental Section 
5.1.4. 
"Naked" pixel refers to the absence of a shielding-ring or guard-ring electrode 
around the central image electrode, forming an electrical "exhaust" for capturing 
crosstalk caniers. Uke a protective piece of clothing, the guard if removed renders 
the image cathode "naked" or unprotected. 
Figure 5.19 shows the BW pixel QE response across a selection of pixel geometry, 
comparing the naked and guarded pixel QE profiles against illumination position. 
SD and JD refer to substrate depth and junction depth (well depth) respectively. 
Only the left guard cathode QE profile is shown in Figure 5.19. 
The guarded pixel profile is notably lower than for the best naked-pixel profile 
(Section 5.1.1). The shallowest pixel is still superior. The deeper well, 3/1 BW 
pixel (Thickness 3 ~m and well depth I !lDl). with deeper SCR associated with the 
well wall (maximum SCR A VP), enhances guard capture efficiency, reducing the QE 
faster than the shallower well pixel response, as illumination approaches the well 
wall's SCR. This results in the 3/1 BW pixel reaching the most minimum QE of all 
the pixels sooner, as illumination moves outwards from the pixel's centre. 
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Figure 5.19: BW SJPD pixels: comparing guarded pixel (3-C) QE 
profile with naked pixel (1-C) QE profile for various pixel 
geometries. 
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Figure 5.20 shows the FW pixel QE profile against laser illumination position. This 
is for the same selection of pixel configurations compared in Figure 5.19. 
Again the shallowest pixel is superior. Note the greater suppression of these 
shallowest pixel QEs, inside the well (70 - 80 J.I.Itl position) compared to the same 
pixels backwall illuminated. Compared to the BW pixel's profile this suppression is 
increasingly more across the pixel as substrate thickness increases. 
For the shallower FW pixels, an increased SCR volume at the well wall, for deeper 
wells, increases the wall's SCR surface in contact with the photogenerated carriers, 
for illuminations over the wall. This SCR surface contact is higher than the 
equivalent BW pixel wall's SCR surface contact, resulting in greater suppression in 
the FW pixel's QE response. 
For Both BW and FW pixels, even the worst naked pixel, now protected with a 
guard-ring electrode, has a better, more suppressed, more resolved, QE response than 
the best naked pixel configuration from Section 5.1.1. Also the left guard QE 
profiles for the two shallowest pixel configurations (dotted profile in Figure 5.20) 
generally follow the naked pixels' response profiles. This indicates that the "lost" 
QE at the image cathode is captured by the guard ring cathode due to the cathodic 
electric fields competing in the well region for photogenerated carriers. All guarded 
pixel QEs, no matter the illumination position or mode of illumination, are below 
naked pixel values, implying reduced sensitivity. Note that the maximum QE is 
central where the result is dependent on the SCR A VP; the higher it is the higher the 
QE. Hence an increase in QE as SCR A VP increases with well depth in BW pixels 
while the reverse occurs in FW pixels. 
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Figure 5.20: FW SJPD pixels: comparing guarded pixel (3-C) QE 
profile with naked pixel (1 -C) QE profile for various pixel 
geometries. 
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Figure 5.21 shows a comparison of the electron QE (nQE) and hole QE (pQE) 
response between the naked (1-C) and guarded (3-C) BW pixels, using the 
shallowest pixel configurations. The black dashed pQE response represents negative 
hole current which is subtracting from the positive electron current, reducing the QE. 
Both pQE and nQE are reduced- by many orders of magnitude for nQE- below the 
naked pixel. 
Figure 5.22 shows the electron and hole response for the shallowest substrate FW 
pixels, contrasting the naked and guarded configurations. The trends in the canier 
profiles are more suppressed than the BW pixel carrier profile only for illuminations 
in the well. 
Comparing the BW profile with the FW profile, the hole QE representing negative 
hole current, represented by the black dashed lines for well illuminations, is more 
pronounced in the FW response than for the BW response (Figure 5.21). This 
subtracting hole current, though reduced by the guard cathodes, is still noticeable for 
illuminations at the well centre. Notice the extent of the reduction in the FW pixel's 
maximum QE (Figure 5.20) as weil depth increases, especially in the thicker 
substrate Pixels, compared to the BW response. The negative hole problem is more 
of a problem in the deeper substrate, deeper well, guarded-pixels, though not to the 
same extent as for the naked pixels. 
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profiles for the two, 3 urn substrate, SJPD pixel configurations. 
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The relationship between QE response of the guarded pixel and the well depth is 
important to compare with the naked pixel results in Section 5.1.1. Similar to the 
naked pixel, the thickest (l2fllll) pixel's QE profile for increasing weJI depth wiil be 
graphed. 
Fi'gure 5.23 shows the BW guarded pixel QE response against well depth. This is 
for illumination positions from the centre of the central pixel outwards along the 
array. 
Both naked (Figure 5.5) and guarded (Figure 5.23) pixels maximum QE is coincident 
with their associated central (80 f.lm) illumination QE response. The guard pixel 
response is suppressed from 5 to 50 times the naked response (Figures 5.3 & 5.5) as 
illumination moves from the pixel centre outwards. Note the initial suppression of 
the response across the guarded pixel, as the depth of the well increases to 1 J.llll, for 
illuminations outside (45 I'Jll) to the centre (80 I'Jll). From the weJI waJI (70 fllll) 
outwards, this is foJiowed by a platoau to the next weJI depth (2 fllll), foJlowed by 
further suppression to the minim~m QE for each illumination profile at the 4J.1m well 
depth. The central response plateaus from the enhancement at the 2 J.lil1 well depth. 
This contrasts with the naked pixel QE response (Figures 5.3 and 5.5) that is 
enhanced throughout the profile across all illumination positions. 
The nQE is coincident with the total QE for illuminations over the well, implying 
that the pQE has been suppressed down to insignificant values across the depth 
profile, inside the well. This contrasts marginally with the naked pixel, which suffers 
from an increased pQE for the deeper weJI pixels (Figure 5.5). 
The central SCR A VP (80 J.U11 position) responds exponentially to the increasing well 
depth, as the SCR approaches the back wall in both guarded and naked pixels 
(Figures 5.5 and 5.23). This is due to the increasing proximity of the SCR to the 
backwall illumination that is characteristically absorbed in an exponential manner 
into the substrate. 
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(cf/ Full Results guarded SJPD: Appendix VII.) 
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Figure 5.23: BW guarded SJPD : guard cathode (6.4 urn): The IE 
(0.4 urn) QE dependence on well depth, for 12 urn substrate, for 
illuminations from the pixel centre outwards, compared to well wall 
& central AVP data. 
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Figure 5.24 shows the FW guarded pixel QE response against well depth. This is for 
the same illumination positions as for Figure 5.23. 
Like the naked (Figure 5.5) and guarded BW pixel (Figure 5.23), the maximum QE 
profile for the FW guarded pixel is coincident with the central (80 f.lm position) 
illumination profile. This is in contrast to the FW naked pixel profile that is 
coincident with the well wall illumination (70 J.l.m position) profile (Figure 5.6). This 
is due to the increased suppression for illumination towards the sides of the well for 
the guarded pixel, as the guard cathodes have greater capture efficiency at the well 
walls than at the centre, where the image cathode's electric field dominates more. 
The maximum QE follows the dc.creasing SCR A VP as SCR depth increases. This is 
due mainly to the increasing pQE, though to a lesser extent than the naked FW pixel 
(Figure 5.6). 
The suppression of QE over the well wall (70 J.1lTl position) is noticeable below the 
QE response for illuminations outside the well, in the pixel's substrate 
(60 and 65 J.llil positions). This is not due to increased pQE, as the nQE is coincident 
with the total QE. This is due to the photogenerated canier envelope, being in much 
greater proximity to the guard cathode's electric field being captured more than for 
the BW pixel. 
Outside the well, more caniers are captured by the Image cathode as they diffuse into 
it's electric field from underneath the well. This effect decreases as the well depth 
increases because the non-SCR A VP below the well decreases. 
The nQE is coincident with the total QE for illuminations over the well wall, 
implying that the pQE has been suppressed down to insignificant values across the 
depth profile. This contrast marginally with the naked pixel which suffers from an 
increased pQE for the deeper well pixels (Figure 5.6). 
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Figure 5.24: FW guarded SJPD : guard cathode (6.4 urn): The IE 
(0.4 urn) QE dependence on well depth, for 12 urn substrate, for 
illuminations from the pixel centre outwards, compared to well 
wall & central AVP data. 
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Still considering Figure 5.24, the QE response at the centre shares some similarities 
with the FW naked SJPD pixel as the pQE increases with increasing well dept"l, 
though not as pronounced as for the naked pixel. Also, notice the central SCR A VP 
(80 ~tm position) responds exponentially to the increasing well depth, as the SCR 
approaches the back wall in both guarded and naked pixels (Figures 5.6 and 5.24) 
opposite to the BW pixels. This is due to the decreasing proximity of the SCR to the 
front wall i11umination and a growing n-well region that increases the hole minority 
current that suppresses the total QE. 
For both FW and BW guarded pixels, the left over QE not captured by the guard ring 
cathode is captured by the image cathode in the manner that is generally similar for 
all illumination outside the wen, suppressed more in the FW case. Inside the well the 
FW and BW responses are characteristically different. 
Overall the response is a changing response, which means it must be related to the 
configuration parameter that is changing in the pixel cross section: well depth. What 
really is changing, is the interaction between the SCR envelope (a changing depth 
profile causing increasing or decreasing A VP profiles depending on the position and 
mode of i1lumination) and the electrical flux density profile's of the guard and image 
cathodes (constant drift-initiating profile). Further investigation of the electrical flux 
profile for the cathodes in the array cross section, not available in this study, would 
reveal exactly how the field lines are deforming across the pixel as SCR depth 
increases and so lending weight to the explanation of the guarded pixel's response. 
The relationship between QE response of the guarded pixel and the substrate depth 
is important to compare with the naked pixel results in Section 5.1.1. Here the 3/1, 
6/1 and 12/1 guarded pixels will be considered (3/1 refers to a substrate and well 
depth of 3 ~tm and l~tm, respectively). 
123 
Figure 5.25 shows the BW guarded pixel QE response against substrate thickness. 
This is for illuminations from the centre of the central pixel outwards towards the 
adjacent pixel. 
Compared to the naked pixel QE response (Figure 5.7), the guarded pixel's 
maximum, central QE response is suppressed below the naked pixel's response by a 
half up to 6 times, as thickness increases. In contrast, as thickness decreases, the 
guarded pixel's QE response for illuminations over the well wall has been 
suppressed from 5 times to three million times, compared to the naked pixel. 
Opposite to the naked BW pixel response, the maximum QE decreases with 
increasing substrate depth due to an increasing volume of the substrate photocarriers 
underneath the well, being captured by the guard cathode electric fields, and 
narrowing of the image cathode capture window, sandwiched inside the guard ring. 
The central QE response follows the SCR A VP profile which is decreasing 
exponentially as the substrate thickness increases. 
Figure 5.26 shows the FW guarded pixel QE response against substrate thickness. 
Compared to the BW guarded pixel, this response is more suppressed, except at the 
centre where the response is more enhanced, following the constant SCR A VP 
profile. This is similar to the BW pixel response which also follows it's SCR A VP 
profile. Similar to the guarded pixel response in Figure 5.24, the response for 
illumination over the well wall (70 J.lm position) is suppressed below the responses 
for adjacent i1lumination (60 and 65 J.lm positions) for the same reason. That is 
because the guard-ring cathode has better capture efficiency for illumination at 
positions 60, 65 and 70 J.lffi then at adjacent position in the substrate. Also like the 
BW guarded pixel response, the nQE and QE responses are coincident across all 
illumination positions. This is with the same exception that the pQE is increased for 
illuminations over the well, for the shallowest pixel, which represents a positive hole 
current; not a negative hole current as would be expected for illuminations over the 
pixel well. The reason for this is unclear. 
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(cf/ Full Results guarded SJPD: Appendix VII.) 
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Figure 5.25: BW SJPD : guard cathode (6.4 urn): The IE (0.4 
urn) QE dependence on substrate thickness, with 1 um well 
depth, for illuminations from the pixel centre outwards, 
compared to well wall & central AVP data. 
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(cf/ Full Results guarded SJPD: Appendix VII.) 
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Figure 5.27 shows the NQE response, comparing BW and FW guarded pixels. Note 
the FW response is more suppressed and the gap between the BW and FW responses 
is diminishing as the substrate thickness decreases until the shallowest pixels, where 
the difference between illumination responses is negligible. Also with the shallowest 
pixels the significantly reduced NQE is constant, from beside the central pixel well 
wall, right across to the centre of the neighbouring pixel ! ! The only conclusion: 
negligible crosstalk ! ! 
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Figure 5.27: BW & FW SJPD guarded pixels: comparing NQE 
profih~s .. for pixels of different substrate depth and illumination 
mode. 
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5.1.4 Effect of Well-Electrode Position and Width on Guarded Pixels. 
The extent of suppression and shape of the QE and NQE response of a SJPD guarded 
pixel's image cathode, being dependent on the geometry of the pixel, may also be 
dependent on the juxtaposition of the two competing electric fields penetrating the 
well volume. Using a less than optimal pixel geometry, the effect of the geometry 
of the cathodes is investigated. 
A range of electrode sizes and positions is simulated giving a total result set of 213 
scans. The total BW pixel and FW pixel QE and NQE response for a selection of 
illumination positions from the total result set is presented as a table in 
Appendices Vill & IX, respectively. Each line in the table represents one 
"photodiode characteristic" (referred to as "PDC" in Appendices VIII & IX) that 
consists of the width of the central image cathode, the width of the guard cathode, 
followed by the "shift" distance all in microns. The shift distance is the distance 
between the edge of the guard cathode farthest from the pixel centre to the wen edge. 
The table then consists of varying the image cathode width from 0.2 J.Ul1 
(the minimum electrode width for 0.18 jllll CMOS technology) to 3.2 jllll in a 
doubling geometric sequence. Then for each image cathode width, the guard width 
is varied similarly: 0.2 to 3.2 f.lm geometrically. Then for each guard width the shift 
distance is varied from 0 to 9 J.Ul1 arithmetically. The shift distance may not always 
reach 9 f,lm for the "photodiode characteristics" with larger width electrodes. Hence 
there are 213 scans not 250 (5x5x!O). 
The QE or NQE results can be graphed in 2D against a composite number 
("photodiode characteristic") that simultaneously represents the sizes of the guard 
cathode, the size of the image cathodes, and the distance the guard cathode is shifted 
from the well-substrate junction towards the image cathode (shift distance). The 
table contains the "photodiode characteristic" values and the formulae to interpret the 
"photodiode characteristic" at the bottom of each page of the data. However this 
graphical presentation is too complex to understand. Furthermore, having the 
"complex" graphical profile of the full data set available, summary trends in the data 
can now be presented as bivariate graphs. 
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The QE and NQE BW and FW guarded pixel responses, for illuminations positions 
inside the pixel, are graphed against the three configuration parameters 
("photodiode characteristic") one at a time in the way outlined below. The non-
varying pair is kept at constant optimum values. For guard, image and shift lengths 
they are 3.2, 0.4 and I Jml, respectively. 
1. Independent variable: Guard-cathode width against dependent variable 
(A) BW guarded pixel QE response. 
(B) FW guarded pixel QE response. 
(C) BW and FW guarded pixel NQE response at well wall and centre. 
2. Independent variable: Image-cathode width against dependent variable 
(A) BW guarded pixel QE response. 
(B) FW guarded pixel QE response. 
(C) BW and FW guarded pixel NQE response at well wall and centre. 
3. Independent variable: Shift distance against dependent variable 
(A) BW guarded pixel QE response. 
(B) FW guarded pixel QE response. 
(C) BW and FW guarded pixel NQE response at well wall and centre. 
Figure 5.28 shows the BW guarded pixel QE profile against guard cathode width 
for illumination positions from pixel boundary to centre (55 to 80 J.Ull, respectively). 
This is for constant optimal image-cathode width (0.4 J.Uil) and optimal distance for 
the guard cathode to be shifted from the well edge (I Jml). 
Note the somewhat exponentially decreasing trend in all the illumination position 
profiles. This may be due to the increasing guard-cathode field's capture-window, 
pressing in on the image-cathode's capture-window. The boundary QE profile is 
decreasing faster than the maximum QE which implies the boundary NQE will trend 
in the same manner as the boundary QE, minimizing the trend with the largest guard 
width. If so, then the limitation on the guard size will be the maximum QE being of 
sufficient value for practical amplification of the pixel image current. 
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(cf/ Result guarded SJPD: Appendix VIII.) 
--QE @ 55: (boundary) __._. QE @ 60 -+- QE@65 
-e- QE @ 70 (well wall) --&- QE @ 75 -tr- QE@ 80 
_._Maximum QE 
1.E-01 
1.E-02 
1.E-03 
1.E-04 
0 0.4 0.8 1.2 1.6 2 2.4 2.8 
Guard cathode width (microns) 
Figure 5.28: BW guarded SJPD pixel : Image cathode QE 
dependence on guard cathode width, optimally positioned 1 urn 
from well edge and with the optimal image cathode width of 0.4 
urn. 
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Figure 5.29 shows the FW guarded pixel QE profile against guard cathode width for 
illumination positions from pixel boundary to the centre (55 to 80 J..tm, respectively). 
This is for the same optimal image cathode width (0.4!lm) aod shift distance (ll'ffi), 
as in Figure 5.28. The latter is the distance the guard cathode is shifted away from 
the edge of the pixel's well. 
Outside the well, the response is slightly more suppressed than the BW response 
(Figure 5.28) due to the closer proximity of the FW pixel's photocarrier population, 
outside the well, to the guard cathode capture window. The decreasing exponential 
trend towards minimum boundary QE at the largest guard width is equivalent to the 
BW response (Figure 5.28). 
Figure 5.30 shows the BW and FW guarded pixel NQE profile against 
guard cathode width for illumination positions at the boundary. It shows the relative 
crosstalk statistic (55 Jllll illumination position) and the NQE statistic for 
illuminations over the well wall (70 J,.tm illumination position). This is for the same 
optimal image cathode width (0.4 11m) and shift distance (I !liD) as in Figure 5.28 
and Figure 5.2~. 
The well wall NQE statistic is a measure of the relative suppression of NQE into the 
pixel up to the well, providing valuable insight into pixel down scaling and 
resolution limits. As already predicted, the decreasing, somewhat exponential, NQE 
response at the boundary, indicates that the minimum relative crosstalk occurs for the 
largest guard width. Note that the BW and FW responses coincide at this maximum 
width guard cathode, at which the NQE is a minimum. 
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Figure 5.29: FW guarded SJPD pixel: Image cathode QE 
dependence on guard cathode width, optimally positioned 1 urn 
from well edge and with the optimal image cathode width of 0.4 
urn. 
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Figure 5.30: BW & FW guarded SJPD pixel : Image cathode 
NQE dependence on guard cathode width, optimally positioned 1 
urn from well edge and with the optimal image cathode width of 
0.4 urn. 
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Figure 5.31 shows the BW guarded pixel QE profile against image cathode width 
for illumination positions from pixel boundary to centre (55 to 80 ~m, respectively). 
This is for constant optimal guard cathode width (3.2 J.lm) and optimal shift distance 
(I~). 
All the QE profiles for illuminations outside the well minimize at 0.4 J.llll, slightly 
increasing exponentially either side of this width. The central response increases in 
QE by 0.15 e/photon over the extent of the guard widths, increasing faster for the 
shorter widths. The pixel's well wall QE response increases monotonically by only 
0.05 e/photon over the same image cathode width domain. This increase may be due 
to an increasing image cathode capture window pressing in on the adjacent guard 
capture window, so acquiring a larger share of the available photocarrier population 
and a more suppressed guard capture efficiency. 
Figure 5.32 shows the FW guarded pixel QE profile against image cathode width 
for illumination positions from pixel boundary to centre (55 to 80 J.llll, respectively). 
This is for the same optimal guard cathode width (3.2 ~m) and shift distance (I Jlm) 
as in Figure 5.31. 
Generally the FW response is slightly lower in QE profile than the BW response 
(Figure 5.32), while the trend and minimum-QE-response image-cathode width 
(0.4 ).l.m) are equivalent. Though the image cathode width increases geometrically, 
the unusually slight, somewhat exponential increase serves to show the extent this 
maximum width guard ring cathode controls the pixel capture volume. However the 
size of the guard makes no difference: the Full Results show the slight, nearly flat 
response is still the same (Appendix IX). 
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Figure 5.31: BW guarded SJPD pixel: Image cathode QE 
dependence on image cathode width, positioned optimally 1 urn 
from well edge and with the optimal guard cathode width of 3.2 
urn. 
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Figure 5.32: FW guarded SJPD pixel: Image cathode QE 
dependence on image cathode width, positioned optimally 1 urn 
from wel_l edge and with the optimal guard cathode width of 3.2 urn. 
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Figure 5.33 shows the BW and FW guarded pixel NQE profile against image 
coihode width for illumination positions at the boundary. It shows the relative 
crosstalk statistic (at the 55 J.lm illumination position) and the NQE statistic for 
illuminations over the well wall (at the 70 J.l.m position). This is for the same optimal 
guard cathode width (3.2 11m) and shift distance (1 l'ffi) as in Figure 5.31 and 
Figure 5.32. Similar to Figure 5.30, the well wall NQE profile is also presented. 
The NQE response parallels the QE response trend (Figure 5.31 and Figure 5.32). It 
results from the slight maximum QE response and minimizes at a image cathode 
width of 0.4 11m and 0.8 l'ffi for the FW and BW response respectively, though both 
widths are equally minimal in the BW response. The BW response for the mirror 
side of the pixel (illumination @ 105 f.lm position) minimizes at 0.4 J.Lill. 
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(cf/ Result guarded SJPD: Appendix VIII & IX.) 
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Figure 5.33: BW & FW guarded SJPD pixel: Image cathode QE 
dependence on image cathode width, positioned optimally 1 urn 
from well edge and with the optimal guard cathode width of 3.2 urn. 
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Figure 5.34 shows the BW guarded pixel QE profile against the shift distance, for 
illumination positions from pixel boundary to centre (55 to 80 J.Uil, respectively). 
This is for constant optimal image cathode width (0.4 JJ.In) and optimal guard cathode 
width (3.2 11m). 
The response outsi.de the well mainly minimizes at a shift distance of 1 JJ.In. It is 
unclear whether a shift distance of zero is better for illumination at the pixel 
boundary as the value is a minimum for illuminations on the pixel's left boundary 
(illumination position 55 J.lm) while not minimum for illuminations on the pixel's 
right boundary (illumination position 105 f.UD) as shown in the table of full results 
(Appendix Vll). The response for illuminations over the wen is somewhat 
exponentially decreasing at the well wall. The response at the centre, viewed as a 
linearRlinear graph, is hi-lineal; an initial linear response until a shift distance of 3 
J.lm, followed by a steeper linear response, results in a total drop of 0.35 e/photon of 
QE. 
Figure 5.35 shows the FW guarded pixel QE profile against shift distance, for 
illumination positions from pixel boundary to centre (55 to 80 J.I.Il1, respectively). 
This is for the same optimal image and guard cathode widths, which are 0.4 J.lm and 
3.2 J.lm, respectively. This is similar to Figure 5.34. 
The QE response is the same for the BW pixel (Figure 5.34), except that it is slightly 
lower for illuminations over the well and at the pixel boundary. Similar to the BW 
pixel response, after a shift distance of 2 J.l.lll, the response outside the well, 
especially at the pixel boundary, becomes relatively insensitive to further inward 
guard shifts, with the response increasing marginally elsewhere inside the pixel, 
outside the well. 
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Figure 5.34: BW guarded SJPD pixel: Image cathode QE 
dependence on the distance the guard cathode is shifted from the 
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(cf/ Result guarded SJPD: Appendix IX.) 
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Figure 5.35: FW guarded SJPD pixel: Image cathode QE 
dependence on the distance the guard cathode is shifted from the 
well edge (shift distance), with optimal image & guard cathode 
widths of 0.4 & 3.2 urn respectively. 
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Figure 5.36 shows the BW and FW guarded pixel NQE profile against shift distance 
for illumination positions at the boundary. It shows the relative crosstalk statistic 
(55 1Jm iJlumination position) and the NQE statistic for iUuminations over the well 
wall (70 J.Un illumination position). This is for the same optimal image and guard 
cathode widths (0.4 Jlm, 3.2 Jlffi, respectively) as in Figure 5.34 and Fignre 5.35. 
Similar to Figure 5.30 and Figure 5.33, the well waH NQE profile is presented. 
With a decreasing maximum QE response and a minimum boundary response at 1 
J.l.lll, it is not surprising that the minimum NQE also occurs for a shift distance of 
I Jlffi. The well wail NQE response minimizes similarly. It is noted that the gnard 
cathode that reaches up to the edge of the pixel's well (shift= 0 Jlm), on top of the 
SCR, and the guard cathode significantly remove from the weU edge, away from the 
SCR, have less capture efficiency than the gnard just next to the SCR (shift= I Jlm). 
This seems to indicate that the guard field and the SCR interaction, play a major role 
in defining the image cathode's QE response. However further investigation is 
required as the boundary image NQE response for BW and FW pixe1 configurations 
with guard shift distances of 0 Jlm and 1 Jlm for i11umination positions symmetrically 
opposite each other (55 and !05 Jlm) can differ significantly (Appendices Vill & 
IX). 
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Figure 5.36: BW & FW guarded SJPD pixel: Image cathode NQE 
dependence on the distance the guard cathode is shifted from the 
well edge (shift distance), with optimal image & guard cathode 
widths of 0.4 & 3.2 urn respectively . 
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Both Sections 5.1.4 and 5.1.3 have shown that maximizing the guard cathode width 
proved successful in contributing to the excellent reduction in NQE response, not just 
at the pixel boundary, but also into the pixel, outside the well without significantly 
reducing sensitivity compared to other guard-image electrode configurations, that 
reduce the sensitivity by approximately 50%. Its use produced a much more finely 
resolved response. 
Certainly the use of a 3 Jlm thick substrate and a 2 Jlm deep well (3/2) pixel 
geometry, contributes to a less suppressed QE and NQE response in this study, 
compared to the response of the 311 guarded pixel in Section 5.1.3. The 3/2 pixel has 
a lower SCR A VP and a higher non-SCR A VP than the 311 pixel geometry, the later 
having the best response resolution profile in Section 5.1.3. 
In summary, this study has demonstrated that the minimum relative crosstalk occurs 
with the maximum width guard cathode (3.2 Jlm) shifted 1 Jlm from the well edge 
towards a 0.4 l.tm wide image cathode, without significant loss in maximum QE or 
loss in sensitivity. Compared to the maximally sensitive configuration 
(QE = 0.5755), with maximum image width and minimum guard width and shifr 
distance, there is a 28% and 20% loss in sensitivity for the minimum relative 
crosstalk configuration and the same configuration with a shift distance of zero, 
respectively. 
Generally speaking, for a given dual cathode configuration, the BW guarded pixel's 
sensitivity is on average 10% better than the FW guarded pixel's sensitivity, where 
sensitivity is defined as the maximum pixel QE response. This was the reverse for 
the naked pixel results. For the same reason the SCR section associated with the FW 
naked pixel's well walls benefited its image-cathodes capture efficiency above that 
of the BW naked pixel, this same section of the FW guarded pixel's SCR benefits 
this pixel's guard capture efficiency, above that of the BW guarded pixel, with an 
associated reduction in the FW image-cathode's capture efficiency. This results in 
the sensitivity inversion between naked and guarded pixels for the two modes of 
illumination. 
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The results show that the imageMcathode's relative crosstalk response is controlled 
more by the guard ring cathode's configuration, of size and position, than on its own 
configuration. The configurations of both cathodes are controlled by the physical 
constraints of wen surface dimensions and minimum electrode size for a given 
CMOS technology: for 0.35 J.Ull technology, 0.4 J.Ull is the minimum electrode size. 
However, optimization of the guarded pixel's dual-cathode configuration so that 
satisfactory sensitivity and crosstalk suppression is achieved, can only be obtained by 
a trade off between the two values being optimized. Further mathematical analysis is 
required to verify that the optimal configuration arrived at is the best optimal trade-
off between sensitivity and crosstalk suppression the need for which an irregular 
result symmetry is partly responsible (Appendices Vill & IX). 
Retrospectively, an extrapolation of this trend was applied in section 5.1.3, with the 
use of an even wider guard ring cathode of 6.4 IJ.m. The use of this optimum dual-
cathode configuration contributed to an exce11ent reduction in NQE response, not just 
at the pixel boundary (99.99% for BW & FW), but also into the pixel, outside the 
well. Additionally there is little loss in sensitivity (33% for BW, 20% for FW), 
compared to the maximaUy sensitive dual electrode configuration pixels 
(Appendices Vll, Vill & IX). This demonstrates the benefit of obtaining trends in 
the electrode configurations, associated with the optimization of the dual cathode 
configuration. 
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5 .1. 5 Effect of Doping Concentration on Guarded Pixels. 
Initially the width of the guard pixel ' s SCR is considered for various doping regimes 
of the substrate and well. This is best demonstrated as a table (Table 5.1). 
"(V = -1 )" means that the PN junction is reverse biaseq by 1 volt. 
Table 5.1 : Width of SCR (um) for Various Doping Concentrations. 
I p-substrate n-well vo W(V=O) W (V=-1) W (V=-2) W (V=-3) W (V=-4) 
1E+14 1E+14 0.456093 3.450715 6.165625 8.007649 9.498944 10.78598 
1E+14 1E+15 0.515729 2.721291 4.665249 6.010297 7.105125 8.052448 
1E+14 1E+16 0.575366 2.754232 4.557421 5.827038 6.86576 7.766785 
1E+14 1E+17 0.635003 2.880532 4.62215 5.8678 6.89187 7.782331 
1E+14 1E+18 0.69464 3.011406 4.703576 5.931162 6.945051 7.828716 
1E+14 1E+19 0.754277 3.137873 4.785408 5.996166 7.000563 7.877929 
1E+14 1E+20 0.813914 3.259547 4.866046 6.060707 7.055915 7.927149 
1E+15 1E+14 0.515729 2.721291 4.665249 6.010297 7.105125 8.052448 
1E+15 1E+15 0.575366 1.225617 2.028026 2.592998 3.055223 3.456174 
1E+15 1E+16 0.635003 0.954887 1.532228 1.945157 2.284633 2.579818 
1E+15 1E+17 0.69464 0.956992 1.494745 1.884858 2.207061 2.48788 
1E+15 1E+18 0.754277 0.9927.74 1.514028 1.897093 2.214868 2.492453 
1E+15 1E+19 0.813914 1.03081 1.538855 1.916659 2.231387 2.506909 
1E+15 1E+20 0.873551 1.067859 1.563877 1.936776 2.248663 2.522276 
1E+16 1E+14 0.575366 2.754232 4.557421 5.827038 6.86576 7.766785 
1E+16 1E+15 0.635003 0.954887 1.532228 1.945157 2.284633 2.579818 
1E+16 1E+16 0.69464 0.425856 0.665153 0.838751 0.982129 1.107092 
1E+16 1E+17 0.754277 0.329101 0.501895 0.62888 0.734222 0.82624 
1E+16 1E+18 0.813914 0.32758 0.489031 0.609093 0.70911 0.796668 
1E+16 1E+19 0.873551 0.337854 0.494786 0.612765 0.711442 0.798008 
1E+16 1E+20 0.933188 0.349039 0.502373 0.618813 0.716575 0.802515 
1E+17 1E+14 0.635003 2.880532 4.62215 5.8678 6.89187 7.782331 
1E+17 1E+15 0.69464 0.956992 1.494745 1.884858 2.207061 2.48788 
1E+17 1E+16 0.754277 0.329101 0.501895 0.62888 0.734222 0.82624 
1E+17 1E+17 0.813914 0.145771 0.217616 0.271043 0.31555 0.354513 
1E+17 1E+18 0.873551 0.111997 0.16402 0.20313 0.235841 0.264537 
1E+17 1E+19 0.933188 0.110921 0.159649 0.196652 0.22772 0.255031 
1E+17 1E+20 0.992825 0.113899 0.161369 0.197754 0.228415 0.255422 
1E+18 1E+14 0.69464 3.011406 4.703576 5.931162 6.945051 7.828716 
1E+18 1E+15 0.754277 0.992774 1.514028 1.897093 2.214868 2.492453 
1E+18 1E+16 0.813914 0.32758 0.489031 0.609093 0.70911 0.796668 
1E+18 1E+17 0.873551 0.111997 0.16402 0.20313 0.235841 0.264537 
1E+18 1E+18 0.933188 0.049359 0.071043 0.087509 0.101334 0.113487 
1E+18 1E+19 0.992825 0.037757 0.053493 0.065555 0.075719 0.084671 
1E+18 1E+20 1.052462 0.03725 0.052019 0.063439 0.073095 0.081617 
1E+19 1E+14 0.754277 3.137873 4.785408 5.996166 7.000563 7.877929 
1E+19 1E+15 0.813914 1.03081 1.538855 1.916659 2.231387 2.506909 
1E+19 1E+16 0.873551 0.337854 0.494786 0.612765 0.711442 0.798008 
1E+19 1E+17 0.933188 0.110921 0.159649 0.196652 0.22772 0.255031 
1E+19 1E+18 0.992825 0.037757 0.053493 0.065555 0.075719 0.084671 
1E+19 1E+19 1.052462 0.016576 0.023148 0.02823 0.032527 0.036319 
1E+19 1E+20 1.112099 0.012637 0.017415 0.021139 0.024299 0.027093 
1E+20 1E+14 0.813914 3.259547 4.866046 6.060707 7.055915 7.927149 
1E+20 1E+15 0.873551 1.067859 1.563877 1.936776 2.248663 2.522276 
1E+20 1E+16 0.933188 0.349039 0.502373 0.618813 0.716575 0.802515 
1E+20 1E+17 0.992825 0.113899 0.161 369 0.197754 0.228415 0.255422 
1E+20 1E+18 1.052462 0.03725 0.052019 0.063439 0.073095 0.081617 
1E+20 1E+19 1.112099 0.012637 0.017415 0.021139 0.024299 0.027093 
1E+20 1E+20 1.171736 0.005531 0.00753 0.0091 0.010436 0.01162 
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The pixel configurations that are used in the simulations for this study have 4 J.lll1 
thick substrates and 2 ~m deep wells (4/2 pixel geometry). In the SCR-width part of 
the table, 6 clearly outlined groups are demonstrated, each containing 6 widths. 
These represent SCR widths for which the SCR does not contact the back wall or 
front wall of the simulated 4/2 pixel. While the pixel is not fully depleted in this 
way, the Shockley-Read-Hall model of drift and diffusion, as a result of which the 
electrode currents can be determined, applies to the reverse biased SJPD cross 
section. Other wise the simulation result may not be valid as the simulation 
parameters need to be reconfigured to include avalanche effects occurring in the 
device, and Auger recombination, due to the fully depleted substrate. 
The boxes of data in table 5.1 are also colour coded. The blue numbers represent 
SCRs that penetrate into the well, more than into the substrate: inwardly depleted. 
The red m1mbers represent SCRs that penetrate into the substrate more than into the 
well: outwardly depleted. The green numbers, in between the red and blue numbers, 
represent SCRs that penetrate the same distance into well and substrate. From this 
selection of doping regimes a selection of valid simulation QE and NQE response 
data have been selected and are presented graphically in this section Two doping 
profiles are compared in this study. They are the n-well/ p-substrate pixel doping 
configuration, referred to as the n-well pixel, and the p-substrate I n-well pixel, 
referred to as the p-well pixel. 
The QE and NQE BW and FW guarded n-well and p-well pixel responses, for 
illuminations positions inside the pixel, are graphed against the two doping 
concentration parameters, one at a time, beginning with the substrate doping 
dependency followed by the well doping dependency. Each treatment starts with the 
BW pixel QE response followed by the FW pixel QE response for illuminations 
across the pixel. Lastly, the BW and FW pixel NQE boundary and well wall 
response is presented. The well electrodes are each 4 j..Ul1 wide and the guard shift 
distance is I J.Ull. 
For a full Result set of BW and FW pixel data see Appendices X and XI, 
respectively. They both contain QE and NQE data. For the pixels' A VP data see 
Appendix XII. 
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Figure 5.37 shows the BW n-well and p-well guarded pixel QE profiles against 
substrate doping concentration, for illumination positions from the pixel boundary to 
the centre (positions 55 to 80 Jl.ffi, respectively). Graphs are shown for constant well 
doping (1017 em·'). reverse bias voltage (2 V = [2]) and electrode widths (4 llffi), 
with possible optimal shift distance (1 IUJl). 
The p-well and n-well responses are coincident, given a slight decline from the 
largest SCR pixel to a generally flat trend, for all pixel illumination positions. The 
minimum at a doping of 1016 cm·3 for the n-well pixel, is due to the crossover of 
decreasing SCR A VP, that contributes to the reduction of image capture efficiency, 
and an increasing non-SCR A VP that contributes to a greater diffusion in the 
substrate. This allows more image electron minority photocarriers to reach the image 
capture field. The reduction in the SCR A VP is greater than the increase in the non-
SCR A VP and so the response is lower than the lower doping substrate pixels. The 
lower doped substrate pixels have greater SCR A VP, enhancing their capture 
efficiency, though not to the same extent as the higher doping substrate pixels which 
have greater "free" carrier diffusion in the substrate which increases their image-
cathode capture efficiency even more. 
Figure 5.38 shows the FW n-well and p-well guarded pixel QE profiles against 
substrate doping concentration, for illumination positions from the pixel boundary to 
the centre (positions 55 to 80 ~ respectively). This is for the same constant 
configuration parameters as in Figure 5.37. 
The FW n-well and p-well pixel QE profiles are again coincident, similar to the BW 
profile, though more suppressed. This again may be due to the photogenerated 
carrier envelope being closer to the guard capture field, resulting in increased guard 
capture volume and hence decreased image capture volume across the pixel. Similar 
to the BW response, the response is insensitive to doping regimes that cause the SCR 
to penetrate inwards, having substrate dopings of 1017 cm-3 to 1019 cm-3• The very 
slight decrease, nearly flat, in maximum QE for increasing substrate doping, due to 
the much more rapid decreasing SCR A VP, in FW and BW pixels, demonstrates the 
degree to which the guard-cathode dominates the canier capture volume. 
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(cf/ Result guarded SJPD: Appendix X & XII.) 
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Figure 5.37: BW guarded SJPD n-well (nW) & p-well (pW) pixels: 
IE QE dependence on substrate doping compared to wall and 
central AVP, using 4 urn well electrodes, guard shift distance of 1 
urn and a 1 017 em -a doped well. 
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(cf/ Result guarded SJPD: Appendix XI & XII.) 
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Figure 5.38: FW guarded SJPD n-well (nW) & p-well (pW) pixels: 
IE QE dependence on substrate doping compared to wall and 
central AVP, using 4 urn well electrodes, guard shift distance of 1 
urn and a 1 017 em -3 doped well . 
. · 
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Figure 5.39 shows the BW and FW n-well and p-well guarded pixel NQE profiles 
against substrate doping concentration for illumination positions at the boundary. It 
shows the relative crosstalk (NQE at illumination position 55 ~m) and the NQE for 
illumination over the well wall (at the 70 ~m position). This is for the same constant 
configuration parameters as in Figures 5.37 and 5.38. The well wall NQE is a 
measure of the relative suppression of NQE into the pixel that allows comparison 
between the resolution profiles for different pixel substrate doping regimes. 
Again the response initially mimics the decrease in drift component, which rises 
moderately to a plateau, demonstrating the diffusion dominance of the higher doped 
substrate pixels. Similar to the QE response in Figures 5.37 and 5.38, the p-well 
pixel's NQE is generally insensitive to substrate doping increase, for the range 
studied. This demonstrates that their guard anodes absorb more of the effects of the 
doping changes on the A VP profile than the guard cathodes in the n-well pixels. The 
BW and FW response for both n-well and p-well pixels are fairly coincident, thus for 
these doping regimes the guard pixels show only slightly suppressed internal pixel 
response and a minimum relative crosstalk at a substrate doping of 1016 cm-3• 
!51 
(cf/ Result guarded SJPD: Appendix X, XI & XII.) 
• nW : BW NQE @ 55 (boundary) 
11 nW : FW NQE @ 55 (boundary) 
• nW : BW NQE @ 70 (well wall) 
• nW : FW NQE @ 70 (well wall) 
- ~- SCRAVP@70 
- · 0 - - pW : BW NQE @ 55 (boundary) 
- - -tx - -pW : FW NQE @ 55 (boundary) 
• • <>- -pW: BW NQE@ 70 (well wall) 
- -o - -pW : FW NQE @ 70 (well wall) 
- - .j. - - non-SCR AVP@ 70 
1.E+OO .-------------------------, 
w 
0 
z 
-w 
::::::. 
Q) 
"C 
_g 1.E-01 
0 
.!! 
Q) 
I 
Q) 
C) 
"' E 
__ -X . - - - · · - - - - - · - - - - - -X - - - - - • • • - - • • • • - - -X - • • • - - - - - - - - - - - -
-)K.. 
--
---
_rn -.. - - -:,,,.----~ -o = = :~ .. 
-
--=-
-Q) -.~ 
c. 
"C 1.E-02 
Q) 
'E 
"' ::J C) 
Q) 
3: 
I 
c. 
~ 
-a; 1.E-03 
~ 
c 
;: 
LL 
~ 
;: 
m 
~ - • - •. : : : :: -:. : ';.. : : -:. -.-- ·- ·- - - - -·...:· .;...· .... ..--.. -=1- :;~-~-":"- ~- -~-":". ~- -~- ":'". ~- -~- "=""· ~- -=-~--!!"'!-~P"P'''~ •. !!"'!.""P. "=""· il"! ••!"''I' . ..... 
-
1.E-04 +- ------.-------.--- -------.--------; 
1.E+15 1.E+16 1.E+17 1.E+18 
Substrate Doping (cm-J) 
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pixels: IE NQE dependence on substrate doping compared to well 
wall AVP, for illuminations at the 55 & 70 micron positions; same 
parameters as for Figure 5.38 . 
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Figure 5.40 shows the BW n-well and p-well guarded pixel QE profiles against well 
doping concentration across illumination positions from the boundary to the centre 
(positions 55 to 80 J.Lm, respectively). This is for constant substrate doping 
(le17 cm-3), reverse bias voltage (2 V) and cathode widths (4 fllll), with optimal shift 
distance (lii!D). 
The SCR orientation is reversed to Figures 5.37- 5.39. For the first well doping, the 
SCR is more internal to the well (0.57 flm), then it is split equally (0.14 II!D out and 
in the well), after which it is more external to the well (0.!8 to 0.195 fllll). The QE 
response internal to the well is totally insensitive to the increasing doping of the well, 
except at the centre where the response parallels the SCR A VP profile, more 
noticeable on a linear-linear graph. 
Figure 5.41 shows the FW n-well and p-well guarded pixel QE profiles against well 
doping concentration across illumination positions from the boundary to the centre 
(positions 55 to 80 f.UIJ, respectively). This is for the same constant configuration 
parameters as in Figure 5.40. 
As for Figure 5.38, this FW response is also suppressed across all pixel illumination 
positions, compared to the BW pixels. The increasing trends from the well wall 
outwards are more pronounced. The decreasing trend for illumination at the centre 
of the pixel is also more pronounced. In contrast to the flat response at the 75 J.Un 
illumination position in the BW pixel (Figure 5.40), the FW pixel shows a very slight 
decreasing trend, following the FW SCR A VP profile because its photogenerated 
carrier guard:image capture ratio is more dominated by guard ring capture compared 
to the BW pixel, this ratio decreasing and then plateaus as the well doping increases. 
In contrast, for il1Llminations over the centre the image-electrodes capture efficiency 
decreases and then plateaus as the well doping increases. This leads to the 
conclusion that though there may be a slight benefit of inwardly depleted SCRs to 
increased response resolution, the main benefit of using a guard-ring configuration is 
that the guard-ring system robusts the pixel's response across 5 magnitudes of 
substrate and well doping variation. 
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(cf/ Result guarded SJPD: Appendix X & XII.) 
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Figure 5.40: BW guarded SJPD n-well (nW) & p-well (pW) pixels: 
IE QE dependence on well doping compared to wall and central 
AVP, using 4 um well electrodes, guard shift distance of 1 um and 
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(cf/ Result guarded SJPD: Appendix XI & XII.) 
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Figure 5.41: FW guarded SJPD n-well (nW) & p-well (pW) pixels: 
IE QE dependence on well doping compared to wall and central 
AVP, using 4 urn well electrodes, guard shift distance of 1 urn and 
a 1017 cm-3 doped substrate. 
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Figure 5.42 shows the BW and FW n-well and p-well guarded pixel NQE profile 
against well doping concentration for i11umination positions at the boundary. It 
shows the relative crosstalk (NQE at illumination position 55 JUD) and the NQE for 
illumination over the well wall (at the 70 J.liil position). This is for the same constant 
configuration parameters as in Figures 5.40 and 5.41. 
The well wall NQE is a measure of the relative suppression of NQE into the pixel 
that allows comparison between the resolution profiles for different pixel well doping 
regimes. From the well wall NQE, the least doped, intemal-SCR pixel has the 
greater internal pixel suppression and hence a better resolved response. It also 
presents the least relative crosstalk NQE of 1.921 x 10-4, which is a local minimum. 
In the substrate doping dependency study (Figures 5.37 to 5.39) the pixels with SCRs 
internal to the well showed enhanced image-electrode QE response, while in this 
well doping study (Figures 5.40 to 5.42) the reverse is true. Though this may appear 
contradictory, a possible reason is that in the well doping study the internal SCR 
pixel had the largest well wall illuminated SCR A VP (6.6 %, BW and 8.8% FW), 
which is 2 to 3 times greater than the well wall illuminated SCR A VP in the substrate 
doping study (3.8% - 2.2% BW and 4.55% - 2.83% FW) while their respective 
diffusion components are similar. In the substrate doping study the intemal-SCR 
pixels have the smallest SCR A VPs with the largest diffusion component. 
In diffusion dominated BW pixels more than FW pixels, where SCR A VP is 
minimized and the non-SCR A VP is maximized (especially the non-SCR A VP in the 
Substrate), for p-well pixels, the hole image carriers, being less mobile then electrons 
in n-well pixels, are less likely to reach the central image anode capture field. They 
rather diffuse into the increasing influence of the guard capture field, resulting in a 
very slight suppressed image anode QE response, increasingly more the closer the 
illumination to the pixel boundary (Figure 5.40). In the FW pixel both carriers are 
equally prone to guard capture, as the photogenerated minority carrier envelope is 
much closer to the SCR-associated with the well wall than in the BW pixel's 
photocarrier envelope orientation. Hence both n-well and p-well FW pixel QE 
responses are suppressed across the entire pixel, not just the already slightly retarded 
hole response. 
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(cf/ Result guarded SJPD: Appendix X, XI & XII.) 
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pixels: IE NQE dependence on well doping compared to well wall 
AVP, for illuminations at the 55 & 70 micron positions; same 
parameters as for Figure 5.38. 
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If the local minima for relative crosstalk are allowed to intersect, then the global 
• 
minimum for the 4/ 2 n-well and p-well pixel is a pixel with an equal substrate and 
well doping of 1016 em·' (substrate/well doping = 16116). This agrees with the full 
table of doping concentration configurations in Appendices X and XI. The global 
minima for the 3/2, 4/2, 5/2 and 6/2 configuration geometry pixels is summarised in 
Table 5.2 and taken from the table of full results (Appendices X & XI). 
Table 52 Pixel Geometries that Demonstrate Minimum NQE Resoonse . . 
Pixel Pixel Best Crosstalk Pixel 
Geo- Doping Doping concentration & NQE@ MaximumQE 
metry Geo- SCR width (urn) boundary (55) Carriers I phtn 
me try SCR Subst Well BW FW BW FW 
3/2 nW 0.61276 IE+19 IE+16 3.02E-5 2.82E-5 0.5890 0.5262 
pW 0.61276 IE+19 IE+16 2.38E-5 2.38E-5 0.5875 0.5875 
412 nW 0.83875 IE+16 IE+16 1.38E-4 1.35E-4 0.6906 0.6059 
pW 0.83875 IE+16 IE+16 1.58E-4 1.61E-4 0.6784 0.5847 
512 nW 1.94516 IE+15 IE+16 4.82E-4 4.08E-4 0.7326 0.6552 
pW 1.94516 IE+15 IE+16 4.88E-4 4.71E-4 0.7308 0.5893 
612 nW 1.94516 IE+15 IE+16 9.82E-4 8.06E-4 0.7362 0.6161 
pW 1.94516 IE+15 IE+16 9.96E-4 7.92E-4 0.7356 0.6204 
These doping configuration minima also have the highest or nearly the highest 
maximum QE in each pixel geometry tested. The 5/2 FW p-well pixel doping 
geometry represented in the table is in fact the next best crosstalk configuration. The 
best is the pixel with equal substrate and well doping of 1016 cm·3• It has a 0.2% 
lower pixel boundary NQE of 4.70 x 104 and an 8% better maximum QE of 0.6335 
holes/photon than the next best pixel, outlined in Table 5.2. 
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5 .1 . 6 Effect of Voltage Bias on Guarded Pixels. 
Initially the QE data is presented graphically, BW pixel (Figures 5.43 to 5.44) 
response, followed by FW pixel (Figures 5.45 to 5.46) response. This is followed by 
the NQE response (Figures 5.47 to 5.48) where the BW and FW responses are 
presented together. Finally, the FW and BW pixel A VP data are compared to the QE 
and NQE profiles in the previous graphs (Figures 5.49 to 5.50). The latter trends are 
explained with reference to the former profiles. Note, pixel n-well and p-substrate 
doping is 1017cm-3 and 1015 cm-3, respectively. 
Both QE and NQE data are presented graphically against the position of illumination 
of the 5 ~m wide 633 nm laser. This allows simultaneous comparison of the effect 
of both bias change and thickness change. Though general changes due to QE or 
NQE response dependency on thickness and bias may be noted, the actual functional 
relationship (e.g. exponential or linear, etc) is not immediately clear. 
The QE response data for both BW and FW pixels is grouped in order of increasing 
pixel thickness and then in order of increasing reverse bias. This generates four 
pixel-configuration data sets: 
1. 3/2 zero reverse biased pixel, represented by brown squares. 
2. 12/2 zero reverse biased pixel, represented by red triangles. 
3. 12/2 1 volt reverse biased pixel, represented by green diamonds. 
4. 12/2 2 volt reverse biased pixel, represented by blue circles. 
NB: a 12/2 pixel is 12 ~m thick and has a 2 ~m deep welL 
Within each bias type, the QE data is grouped in order of electrode configuration: 
naked image response, followed by guarded image response, followed by left guard 
response. The naked pixels data points are not filled in, appearing as the point 
geometry outlined and a solid line. The guarded pixel ' s two points are filled in. The 
guard image response is a solid line while the left guard response is a dashed line. 
For each pixel configuration group, the points are all the same colour and shape . 
. ' 
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The NQE response data for both BW and FW pixels are grouped in the same way as 
the QE response data. The exception is that the guard response does not appear and 
the FW NQE response (dashed line in Figure 5.47 - 5.48) and BW NQE response 
(solid line in Figure 5.47 - 5.48) appear together. In a similar way to the QE data 
presentation, the naked pixels data points are not filled in, appearing as the point 
geometry outlined, while the guarded pixel points are completely coloured. 
Therefore each of the four pixel configurations contains four response profiles: the 
naked BW pixel NQE profile, the naked FW pixel NQE profile, the guarded BW 
pixel profile and finally the guarded FW pixel NQE profile. For each pixel 
configuration group, the points are all the same colour and shape. 
Finally the SCR and non-SCR A VP data are prr~sented graphically against the four 
different pixel configurations represented as an integer from -1 to 2 in Figure 5.49, 
Figure 5.50 and as defined in Table 5.2. 
Note: A full appendix of results has not been prepared for this section as the graphs 
in this section demonstrate the relationships in the data sufficiently. 
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Figure 5.43 shows the naked and guarded BW pixel's linear QE response of the four 
pixel-configurations graphed against illumination position. 
As bias increases for the thicker (12 j.lm) naked and guarded pixels, the image and 
guard QE responses increases across the whole pixel. The largest increase is for 
illuminations at the well wall, where there is more SCR illuminated, increasing the 
capture efficiency for both naked pixel image cathode and guarded pixel guard-ring 
cathode. The guarded pixel image-cathode QE also increases with increasing bias, 
but only near the centre of the well. 
Figure 5.44 shows the naked and guarded BW pixel's logarithmic QE response of 
the four pixel-configurations graphed against illumination position. 
Here the guarded pixel image cathode QE response is clearer. The thicker guarded 
pixel's image-cathode QE response decreases exponentially, from the centre 
outwards. Clarifying Figure 5.43, the increasing QE response trend is only similar to 
the naked pixel image cathode response at the well centre, where the image field has 
more capture efficiency. Elsewhere the increasing guard capture field actually 
inverts the trend, as the guarded pixel's image-cathode QE response decreases with 
increasing bias. This increasing response resolution for the guard-ring configuration, 
is magnified even more with the shallower pixel, for which the maximum QE is 
greater than the thicker guarded pixel's QE response, while the rest of the shallower 
guarded pixel's response is more suppressed. For this 3/2 guarded pixel, only the 
guard, not the image response is suppressed by the increased negative hole current 
inside the well. 
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Figure 5.45 shows the naked and guarded FW pixel's linear QE response of the four 
pixel-configurations graphed against illumination position. 
The same trend as for the BW pixels is demonstrated, though here the response is 
more enhanced from the well wall outwards. The problem of increased hole current 
in the well is now also apparent for all pixel geometries: the naked pixel's image QE 
response and the guarded pixel's guard QE response are suppressed inside the well. 
The image response of the guarded pixel is protected in that the guard-ring's capture 
field removes this problem. 
The resolution increase is similar to the BW guarded pixel. Though the central 
maximum QE for the shallower pixel is below the maximum QE for the other pixels, 
an inversion of the BW case, the QE response elsewhere is even more suppressed 
below the thicker pixel response. 
Figure 5.46 shows the naked and guarded FW pixel's logarithmic QE response of 
the four pixel-configurations graphed against illumination position. 
As in Figure 5.44, the guarded pixel image respon:se is c1earer. The QE response 
inversion observed here is similar to the BW case as bias increases for the thicker 
pixels. However the response does not decrease exponentially across the pixel, as 
the BW pixels do. Instead there is an even steeper, somewhat exponential, decrease 
from the centre to the well wall, followed by a plateau and a further less steep 
somewhat exponential decrease further away from the well wan. This response 
resolution is greater than the BW response, because the illumination is closer to both 
image and guard cathodes' capture field, and hence capture efficiency nearer each is 
enhanced. 
164 
w 
a 
Q) 
"'C 
0 
.s::. 
cu () 
"'C 
'-C'G 
:I 
C) 
I 
~ 
.!! 
"'C 
c 
C'G 
Q) 
"'C 
0 
.s::. 
~ 
C'G () 
Q) 
C) 
C'G 
E 
_UJ 
Q) 
-~ a. 
"C Q) 
'E 
C'G 
:I 
C) 
"C 
c 
ca 
"C 
Q) 
::e. 
C'G 
c 
~ 
LL. 
1 ~============~---------------------------, 
o naked 3/2 QE (0] 
• guarded 3/2 QE :[0] 
0.9 - .. - 3/2 L-guard QE: (0] 
A naked 12/2 QE [0] 
• guarded 12/2 QE :[0] 
0.8 - -al - 12/2 L-guard QE: (0] 
& naked 12/2 QE (1] 
• guarded 12/2 QE :(1] 
0.7 
- -+- 12/2 L-guard QE: [1] 
o naked 12/2 QE (2] 
• 12/2 guarded QE :[2] 
0.6 
- -+ - 12/2 L-guard QE: [2] 
0.5 
0.4 
0.3 
0.2 
0.1 
,..--..... 
/ ' 
/ ' 
/ ' / \ 
I \ 
I \ 
I \ 
I \ 
I \ 
I \ 
\ 
\ 
\ 
\ 
.. 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
0 ~~===-~~~~~~~~~~~----~ 
55 60 65 70 75 
Position (microns) (centre= 80; well wall= 70; boundary= 55) 
Figure 5.45: FW naked and guarded SJPD pixels QE 
dependence on reverse bias and substrate thickness for 
illumination positions between adjacent pixel centres. 
165 
80 
w 
0 
Cl) 
" 0 
.c. 
.... 
C'G 
0 
" 
... 
C'G 
::::s 
C) 
I 
¢! 
.!! 
" c: C'G 
Cl) 
" 0 
.c. 
.... 
C'G 
0 
Cl) 
C) 
C'G 
E 
_en 
Cl) 
-~ Q. 
" Cl) 
'E 
C'G 
::::s 
C) 
" c: C'G 
'C 
Cl) 
~ 
C'G 
c: 
~ 
LL. 
1.E-01 
1.E-02 
1.E-03 
1.E-04 8 naked 3/2 QE [0] 
• guarded 3/2 QE :[OJ 
- .. - 3/2 L-guard QE: [OJ 
1.E-05 A naked 12/2 QE [OJ 
.. guarded 12/2 QE :[0] 
- _,.- 12/2 L-guard QE: [0] 
1.E-06 & naked 12/2 QE [1] 
• guarded 12/2 QE :[1] 
- •- 12/2 L-guard QE: [1] 
1.E-07 0 naked 12/2 QE [2J 
• 12/2 guarded QE :[2J 
- •- 12/2 L-guard QE: [2J 
1.E-08 -+-----,---,-----.-----,----.------,-- .,-----.--,----l 
30 35 40 45 50 55 60 65 70 75 
beam position (microns) (centre= 80; well wall= 70; boundary= 
55; adjacent centre = 30) 
Figure 5.46: FW naked and guarded SJPD pixels QE 
dependence on reverse bias and substrate thickness for 
illumination positions between adjacent pixel centres. 
166 
80 
Figure 5.47 shows the naked and guarded BW and FW pixels' linear image-cathode 
NOE response of the four pixel-configurations graphed against illumination position. 
When the FW and BW responses are compared, the decreasing NQE response with 
increasing bias, for both FW and BW guarded pixels, compares inversely with the 
FW and BW naked pixel response. As noted for the QE profiles in Figures 5.43 to 
5.46 this inversion is a reflection of both the increasing guard QE response and the 
increasing central image QE response. The guard QE response parallels the naked 
pixel response, absorbing an increasing proportion of the total pixel QE response. 
Thus the image QE and NQE response of the guarded pixel~ compared to the naked 
pixels, is inverted, decreasing with increasing bias. This is for illumination at 
positions away from the image cathode's capture-field, where the guard field has 
more capture influence. The NQE response suppression is greater than the QE 
response suppression, as the maximum QE parallels the guard-ring and naked pixel 
QE increase as the reverse bias is increased. 
Figure 5.48 shows the naked and guarded BW and FW pixels' logarithmic image-
cathode NQE response of the four pixel-configurations graphed against illumination 
position. 
Difficult to see on the linear graph, the FW guarded pixels NQE responses 
(dashed lines) are also inverted to the naked pixel NQE response trend. The BW and 
FW pixel image cathode's NQE response parallels their associated QE responses in 
Figure 5.44 and 5.46, respectively. The reasons for the trends in image NQE 
response across the BW and FW guarded pixel's are the same reasons for the tends in 
the BW (Figure 5.44) and FW (Figure 5.46) pixels' QE response already suggested. 
The guard-ring capture-field suppresses the image-cathode response away from the 
pixel centre where the image-cathode's capture-field has more influence. This 
suppression is less in the BW pixel becau<se of the location of the photocarrier 
envelope further away from the SCR, encouraging more "free" canier diffusion in 
the substrate that enhances the image response away from the pixel centre and thus 
raising the NQE response. 
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Finally the SCR and non-SCR A VP data is presented graphically against the four 
different pixel configurations (Figures 5.49 to 5.50) represented as an integer from 
-1 to 2 as defined in Table 5.2. The penetration depth of the SCR into the pixel's 
well and into the pixel's substrate, outside the well, are also included. 
Figure 5.49 shows the BW pixel A VP response for the 2 I'J1l well depth pixel 
configurations with substrate thickness of 3 J.Ull and a reverse bias of 0 volts, as well 
as a substrate thickness of 12 J.Uil and a reverse bias of 0, 1 and 2 volts. 
Considering first the effect of increasing reverse bias on the BW pixel's QE 
response, the SCR A VP profiles, across both 2D and 3D results for the thicker 12 J.Uil 
pixels are considered. Here, the increasing SCR A VP trend with increasing reverse 
bias parallels the naked BW pixel's image cathode QE (Figure 5.43) and NQE 
(Figure 5.47) response profiles as well as the guarded BW pixel's guard QE 
(Figure 5.43) response profile. Both A VP and QE profiles only slightly increase as 
the SCR is some distance from the illuminated back wall. 
Table 5.3 shows that this increased SCR AVP is due to an increasing SCR 
penetration into the substrate, below the bottom of the well. This penetration of the 
SCR, brings the SCR closer to the photocarrier envelope. The wider, deeper SCR 
increases the capture efficiency of both the guard and image cathodes for both naked 
and guarded pixels, hence the increasing trend. 
Table 5 3 · Confiauration number definition and associated SCR width . . 
Configuration Description SCR width SCR width 
number In well (I'Jll) Outside well (I'Jll) 
-1 The 0 reverse bias 3/2 pixel 0.00956992 0.947422 
0 The 0 reverse biased 12/2 pixel 0.00956992 0.947422 
1 The 1 reverse biased 12/2 pixel 0.01494745 1.479798 
2 The 2 reverse biased 12/2 pixel 0.01884858 1.866009 
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The inversion of the guarded pixel's image-cathode QE response occurs because the 
guard-ring cathode has proportionately greater surface area than the image-cathode 
surface area and is closer to the SCR, for which the A VP is increasing (Table 5.3). 
The guard-ring capture field laterally surrounds the central image-cathode's capture 
field, like a cylinder. Thus the guard's capture efficiency increases faster 
(SCR A VP increasing) than the image-cathode's capture efficiency, causing an 
increasing deficit in the latter's QE, and hence the QE and NQE increasing trend 
inversion. 
Still investigating Figure 5.49, the change in A VP from shallow to deep BW pixels is 
also reflected in the BW naked and guarded pixel QE profiles (Figures 5.43 to 5.44). 
This is for the same reason as occurred for increasing the reverse bias, except that the 
back wall, and hence the carrier envelope, is brought even closer to the SCR and 
cathode capture fields, without the SCR's width changing. This is in contrast to the 
reverse situation, as in the increasing bias case, where the SCR and cathode capture 
fields are brought slightly closer to the back wall, and hence slightly closer to the 
carrier envelope. 
The non-SCR A VP, increasing considerably from shallow to deep pixels, and less for 
increasing bias, means there is more "free" diffusion in the substrate that increases 
the probability of photocarriers diffusing under the guard cathode's cylindrical 
capture field and drifting up into the image-cathode's capture field. This increases 
the image capture volume of photocarriers generated outside the guard-cathode 
capture field cylinder. This results in a reduction in QE response resolution, which 
includes an increase in crosstalk. Even the best resolved 3/2 zero biased pixel QE 
and NQE responses, presented in these results, is not reaching the minimum flat-line 
response until the 35 IJ.Il1 illumination position, which is well out of the central 
pixel's boundary (55 ~UTI). With a non-optimally wide image-cathnde (4 ~UTI), the 
image-cathode's capture window is increased, suppressing the guard's capture 
efficiency. Additionally, the large non-SCR A VP results in "free" substrate diffusion 
of carriers under the guard-ring capture "curtain". Both image-cathode width and 
increased non-SCR A VP contribute to the lower response resolution as compared to 
the 3/1 [2] guarded pixel. 
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Figure 5.50 shows the FW pixel A VP response for the same pixel configurations of 
thickness and reverse bias as in Figure 5.49. 
Considering the effect of increasing reverse bias on the FW pixel's QE response, the 
SCR A VP profiles, across both 2D and 3D results for the thicker 12 J.lm pixels, are 
considered. Similar to the BW pixel trend (Figure 5.49), the increasing SCR A VP, 
with increasing bias, parallels the naked FW pixel's image-cathode QE (Figure 5.45) 
and NQE (Figure 5.47) response profiles as well as the guarded FW pixel's guard QE 
response (Figure 5.45). The slight increasing trend in the SCR A VP, with increasing 
bias, is also paralleled by the naked pixel and guard QE and NQE profiles. 
As already stated under Figure 5.49, Table 5.3 shows that this increased SCR A VP is 
due to an increasing SCR penetration into the substrate, with minimal SCR 
penetration into the well. Although the wider SCR increases the capture efficiency 
of both the guard and image cathodes for both naked and guarded FW pixels, hence 
the increasing QE and NQE trend, the problem of negative hole current inside the 
well diffusion region, is not minimized. In contrast, for the BW pixel, its carrier 
envelope is photogenerated in the substrate. This trend inversion of the guarded 
pixel's image-cathode QE response occurs for the same reason as for the BW pixel, 
but proportionately more, as the guard capture efficiency is proportionately more 
enhanced by a much greater SCR A VP. Thus the guard's capture efficiency 
increases even faster than the image cathodes capture efficiency, compared to the 
BW pixel. This causes an even more increasing deficit in the image-cathode's QE 
and NQE, and hence the proportionately greater trend inversion, than for the BW 
pixel's response. 
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In contrast to any similarity with the BW pixel response, the FW pixel QE and NQE 
response profiles are more resolved from the well wall outwards. This is due to the 
FW pixel SCR A VP being approximately five times greater than for the BW pixel 
This increase serves to enhance all cathode capture fields in both naked and guarded 
pixels, especially for illumination over the well wall (70 jlm) where the SCR A VP is 
increased the most (Figures 5.49 to 5.50). This increased SCR A VP also results in a 
more resolved image-cathode QE and NQE profile. Firstly, due to the image capture 
efficiency enhancement, the central response is enhanced above the BW pixel 
response. Secondly, due to the guard capture efficiency enhancement, the image 
response for illuminations elsewhere in the FW pixel is suppressed below the BW 
pixel response. 
In the well, mentioned above, the non-SCR A VP, a large portion of the pixel's non-
SCR A VP, though not calculated, is much larger than the BW pixel, because of the 
much closer proximity of the iiiumination to the well, for the FW pixel. For 
increasing bias, this well A VP remains constant, though quite large compared to the 
BW pixel. The effect of this constant large A VP and diffusion volume inside the 
well is demonstrated by the equal extent of the problem of negative hole current 
across the three bias-type thicker pixels' QE profiles. This causes their profiles to 
coincide for illuminations at the centre, because the diffusion volume and A VP 
inside the well remains constant. 
Lastly, the non-SCR A VP increases, as in the case of the BW pixel, but not to the 
same extent because the SCR A VP is enhanced and constant between pixel 
thicknesses, so suppressing the non-SCR A VP profile. The difference in non-SCR 
A VP for the different thickness pixels accounts for the greater "free" diffusion in the 
substrate. This enhances the image cathode response for illuminations outside the 
pixel well, lifting the NQE profile above that of the shallower, less substrate 
"free-diffusion" guarded pixel. Also the thicker pixel's total A VP is 94% which is 
87 % greater than the thinner pixel. This immediately imparts the benefit of an 
increased photocarrier population that enhances the image-cathode's QE and NQE 
responses. 
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5.2 The Vertical D.JPD Pixel. 
Results demonstrating the underlying trends in the total result set are presented 
graphically. A complete PNP DJPD pixel results table including QE, and NQE data 
can be viewed in Appendices XIII and XIV for BW and FW pixels, respectively. A 
complete NPN DJPD pixel results table including QE, nQE and NQE data can be 
viewed in Appendices XV and XVI for BW and FW pixels, respectively. The A VP 
data relevant to these Pixel's configurations may be viewed in Appendix xvn. 
5.2.1 Effect of Inner (Image) Well Dimensions Against Illumination Position. 
Similar to the treatment of the SJPD results, the two dimension variables of width 
and depth are studied together because they are related in terms of pixel response, 
though not in the same way as substrate thickness and well depth (Hinckley, Jansz, 
Gluszak, Eshraghian, 2002), (Hinckley, Gluszak, Eshraghian, 2000). All pixels 
considered in Section 5.2.1 to 5.2.3 have a 12 IJ.m thickness and a 2 J.Ul1. outer well 
depth (12/2). They have substrate and outer well doping concentrations of 1015 and 
1017 em·' ("(15(17))"). All junctions are reverse biased by 2 volts. This includes the 
SJPD pixels ("[2]") and the DJPD pixels ("[2[2]]"). The DJPD pixels image well is 
doped at a concentration of 1018 cm-3• Thus the doping shorthand for PNP is 
"(15(17(18p)))" and NPN is "(15(1 7(18n)))". 
This section introduces the SCAN results of image-cathode QE and NQE graphed 
against the illumination position of the simulated 633nm, 5 JJ.m wide laser beam 
("beam"). Though trends in the profiles may be obvious in relation to the changing 
dimensional pixel parameters, the actual relationship of QE or NQE to the well width 
or depth will be clarified in the following Sections 5.2.2 and 5.2.3. Presenting the 
results in both these ways is helpful for understanding how the DJPD pixel compares 
qualitatively to the SJPD pixels investigated, as well as understanding how the pixel 
responds quantitatively to configuration parameter changes. 
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The QE data is presented in the first six graphs. Graphs of FW responses follow 
graphs ofBW responses. Initially guarded and naked SJPD 12/2 [2] pixel responses 
for illumination positions across half the 3-pixel array (20- 80 ~). are compared to 
the NPN and PNP DJPD responses of equal thickness, outer well depth and outer 
junction bias to the SJPD pixels (Figures 5.5 I to 5.52). Then the NPN and PNP 
DJPD pixels' response are compared for illumination positions across half of the 
outer well (70 - 80 11m) and for pixels of shallowest and deepest image well depth, 
with four image well widths (Figures 5.53 to 5.54). Then, for the same illumination 
positions as Figure 5.54, the NPN pixel electron QE (nQE) and total QE responses 
are compared for pixels with the thinnest and widest image well and three image well 
depths (Figures 5.55 to 5.56). Both linear-linear and log-linear graphical 
representations are used for these six graphs. 
The NQE response is presented in the last two graphs. Here the NQE response for 
the NPN pixels of same dimension as in Figure 5.56 is presented as log-linear and 
linear-linear graphs (Figures 5.57 to 5.58). 
For the first four graphs, the QE response data for both BW and FW DJPD pixels 
are grouped in order of increasing image well width and then in order of increasing 
image well depth and then NPN followed by PNP. This generates four pixel-
configuration data sets. Note, a {2/0.2} DJPD pixel, has a 2 11m wide and 0.2 11m 
deep image well. 
I. {2/0.2} and {2/1.25} pixel are represented by brown squares that are filled 
brown or are empty, respectively. 
2. {4/0.2} and {4/1.25} pixel are represented by red triangles that are filled red 
or are empty, respectively. 
3. {8/0.2} and {811.25} pixel are represented by green diamonds that are filled 
green or are empty, respectively. 
4. {14/0.2} and {14/1.25} pixel are represented by blue circles that are filled 
blue or are empty, respectively. 
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The PNP responses are distinguished from the NPN responses by being dotted lines. 
Where applicable, the SJPD responses use asterisk point geometry. 
The next four graphs are the QE and NQE response data for both BW and FW DJPD 
pixels are grouped in order of increasing image well depth (1, 2 and 4 above) and 
then in order of increasing image well width (2 IJ.lll points are filled in, and 14 j.tm 
points are empty). FW NQE and BW nQE and FW nQE are represented by dashed 
lines. 
Figure 5.51 shows BW NPN and PNP DJPD and guarded and naked BW SJPD 
pixels' logarithmic image QE response dependence on the inner well's width and 
depth for illumination across half of their triMpixel array. The PNP responses are 
represented by dotted lines. 
The BW NPN and PNP DJPD pixels' maximum QE is about 100 times less than the 
maximum QE of the BW guarded SJPD pixel and about 500 times less than the 
maximum QE of the naked SJPD pixel. However both DJPD pixel responses are far 
more resolved, flat-lining after the central pixel's outer well waH (70 j.tm position); a 
reduction in QE of between about 99.9998% to 99.99998%. In contrast the SJPD 
guarded pixel finally flat-lines from the centre of the adjacent pixel (30 J.Un position), 
2,000 times above the already flatMlined DJPD response. Outside the outer well, the 
flat-lined PNP response is noticeable above the NPN response, both QE responses 
increasing with increasing well width and depth. 
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Figure 5.52 shows FW NPN and PNP DJPD and guarded and naked FW SJPD 
pixels' logarithmic image QE response dependence on the inner well's width and 
depth for illumination across half of their tri-pixel array. The PNP responses are 
represented by dotted lines. 
Here the maximum QE for all pixel types are equivalent, only doubled by the naked 
pixel, even though the guarded pixel response is enhanced above this pixel's BW 
response. Note that, for illuminations near the centre, the guarded response is 
suppressed below the lowest DJPD response, the guarded pixel's response being 
more resolved in this region. The flat-lining trend is the same, except the guarded 
response is here about 10 times less than its BW response (Figure 5.51) because it is 
more suppressed away from the pixel centre. This brings its flat line response closer 
to the DJPD flat-line responses which are not significantly different from their BW 
response. The trends between the NPN and PNP DJPD types and the DJPD pixel 
image well dimensions is similar to their BW response trends. 
The DJPD responses for illuminations from the centre to the outer well wall are 
enhanced above the pixels' BW response by up to 200 times. This is due to the 
proximity of FW pixel illumination to the inner (image) SCR as reflected by ~he 
much larger FW pixels' inner SCR A VP (14.7%). This is ten times more than the 
BW image-pixel's SCR A VP (1.44 %). 
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Figure 5.53 shows BW NPN and PNP DJPD pixels' linear image QE response 
dependence on the inner well's width and depth for illumination across half of their 
outer well. The PNP responses are represented by dotted lines. 
In the outer well, the PNP response is generally slightly below the NPN response. 
The pixels with the deeper image wells are more enhanced, especially for 
illuminations at the pixel centre. The response becomes increasingly more enhanced 
for increasing image well width at the 75 J.1ffi illumination position. The most 
resolved response occurring for the pixels with the thinner, deeper image wells. 
Figure 5.54 shows FW NPN and PNP DJPD pixels' linear image QE response 
dependence on the inner well's width and depth for illumination across half of their 
outer well. The PNP responses are represented by dotted lines. 
As already mentioned (Figure 5.52) this response is more than 100 times that of the 
BW response due to an order of magnitude difference in image-pixel A VP. The 
trends are the same. Note the more rapid increase in response with increase in width 
for an illumination that is 5 ).lm from the centre (75 )liD position) compared to the 
BW pixel. For the widest and deepest image well, with the illumination 90 % inside 
the image well, the QE response is max.imum, even higher than the central response. 
This has not occurred in the DJPD BW pixel response, where the central response is 
always maximal. This is one advantage of the BW pixel's illumination orientation. 
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Figure 5.55 shows BW NPN DJPD pixels' linear image total (QE) and electron QE 
(nQE) responses' dependence on the inner well's width and depth for iliumination 
across half of their outer well. The nQE responses are represented by dashed lines. 
Both QE and nQE responses are not coincident only at the centre. This gap between 
the higher nQE and the QE increases with increasing depth and with increasing 
width. This gap is indicative of a growing subtracting hole current in the image well 
as more of the incident light is absorbed in this inner n-well, in which minority 
canier holes are photogenerated increasingly with increasing width and especially 
with increasing depth. Again the best resolved response is for the deepest but 
thinnest pixel. 
Figure 5.56 shows FW NPN DJPD pixel linear image total (QE) and electron QE 
(nQE) response dependence on the inner well's width and depth for illumination 
across half of their outer well. The nQE responses are represented by dashed lines. 
Again this response profile is enhanced above the BW profile (Figure 5.55). Again 
the problem of increased hole current at the centre is present, explaining why the 
maximal response is at the 75 J.1.ffi illumino::.tion position, away from the centre 
(Figure 5.54). As for the BW response, the wider image well pixels, with shallower 
depth, have a flat, broad response inside the outer well (75 to 80 1J.In positions) than 
the thinner, more finely resolved pixels with thinner image wells. 
The FW pixel has much more of a hole problem as has already been discovered in 
the SJPD investigations. This is clear from the guarded FW pixel response at the 75 
J.lm illumination position (Figure 5.52) as it does not suffer so, as its hole problem is 
captured by the guard ring electrode capture field. Hence its response at this position 
is below the DJPD FW pixel response. 
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Figure 5.57 shows BW & FW NPN DJPD, guarded and naked SJPD pixels' 
logarithmic image NQE responses' dependence on the inner well's width and depth 
for illumination outside the outer well, focusing on the flat line response. 
All the FW pixels' responses are about 100 times less than the BW pixels' responses. 
The wider-image-well pixels' responses are much closer together and generally 
slightly above the tl•inner-well pixels' responses. 
Figure 5.58 shows BW & FW NPN DJPD, guarded and naked SJPD pixels' 
logarithmic image NQE responses' dependence on the inner well's width and depth 
for illumination across half of their outer well. 
The nQE responses are represented by dashed lines. In Figure 5.57 all the 
dashed I dotted lines (FW) were belo-N the continuous lines (BW). Here the same 
occurs but now in two groups: all the empty points are above the filled in points. 
This indicates that all the thin-image-well BW and FW pixels have relatively less 
capture efficiency than the wider-image-well pixels. This is due to the wider image-
well pixels having more SCR t~apture surface. For constant pixel image-well width 
the deeper the image-well the lower the response at the 70 and 75 ~ illumination 
positions. This is indicative of their better response resolution, as the deeper pixels 
also have greater maximum QE (Figures 5.55 to 5.56). 
Finally these results show that the DJPD is superior in response resolution and in 
response-shape control than the SJPD guarded pixel of equal bias, doping and 
geometry to that of the DJPD pixel's outer well and substrate, without the DJPD 
electrode size and placement being optimized. Comparing the PNP with NPN DJPD 
shows that the latter is superior owing to its image photocarriers being electrons 
which have higher mobility than holes. Significant reduction in maximum QE 
caused by the hole problem, is only apparent in the widest and deepest image-well 
pixels, but certainly not to the same degree as naked FW SJPD pixels. 
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5.2.2 Effect oflnner (Image) Well Width on DJPD Pixels. 
In this section the relationship of the NPN pixel's QE and NQE to the image-well 
width is investigated. The full set of result statistics generated from the simulation 
data for each parameter studied is tabulated in the results appendix, indicated above 
each graph where necessary. Results demonstrating the underlying trends in the total 
result set are presented as log-linear graphs. A complete NPN DJPD pixel results 
table including QE, nQE and NQE data can be viewed in Appendices XV and XVI 
for BW and FW pixels, respectively. The PNP DJPD pixel results are similar 
(Appendices Xill & XIV) so that only the NPN results need to be consideted. The 
A VP data relevant to the Pixel configurations may be viewed in Appendix XVll. 
The first four graphs present the effect of image well width on the image-cathodes 
QE and nQE responses, while only the NQE response follows in the last two graphs, 
where the BW and FW pixel responses are compared. In each mode of illumination 
the response for the deepest image-well follows the shallowest image-well response. 
In the QE graphs, only the responses for illuminations inside the outer well are 
considered (70, 75 and 80 !Jm illumination positions and maximum QE) as the 
flat-line response, beyond the outer well wall, has already been considered in Section 
5.2.1. Only in the NQE graph is the boundary (55 Jlm position) NQE considered. 
The point data representation used for the QE and nQE data is the square, triangle, 
diamond and circle which represent the 70, 75 and 80 !Jm illumination position 
responses and the maximum QE response respectively. The QE data are represented 
by solid lines and filled points, while the nQE data are represented by dash-dotted 
lines and filled points. 
The point data representation used for the NQE data is the square, triangle and 
diamond. They represent the 55, 70 and 75 IJID illumination position responses 
respectively. BW responses are represented by solid lines and filled points, while 
FW responses are represented by dash-dotted lines and empty points. All responses 
are compared to the total 2D pixel A VP data (squares) as well as A VP data for the 
5 !Jm wide illuminations over the pixel centre (triangles). Both A VP data 
(empty points) include SCR (dashed lines) and non-SCR (dotted line) responses. 
191 
Figure 5.59 shows BW NPN DJPD pixels' logarithmic image QE and nQE response 
dependence on the shallowest (0.2 umJ depth inner well's width variation, for 
illumination across half of the central pixel's outer well. These responses are 
compared to the A VP data associated with the volume in the outer well 
(image pixel), including the inner-SCR A VP ("SCR A VP") and inner-non-SCR A VP 
("non-SCR A VP") response profiles. Both total 2D pixel A VP data and A VP data 
for 5 J.l.m wide illumination at the pixel centre are considered. 
The response at the outer well wall (70 J.Uil illumination position) is increasing 
exponentially with increasing image-well width due to the interaction of the linear 
increase of proximity of the image-well SCR and the absorption profile over the 
outer well SCR. The response at the 75 J.l..m illumination position, between the outer 
well wall and centre is linear, paralleling the total image-pixel SCR A VP. The 
response at this position is linearly dependent on the linearly increasing image-well 
SCR proximity. Both maximum QE and central QE have the same profile as the 
central SCR A VP, increasing initially due to the illumination covering all of the 
image well SCR, which increases as the width increases until the image-well walls 
are beyond the beam width. This response profile across the outer well is dependant 
largely on the SCR A VP rather than absorption elsewhere in this well. The nQE is 
coincident with the QE implying there is no significant hole problem for these 
shallowest image pixels, confirming our findings in Figure 5.55. 
Figure 5.60 shows BW NPN DJPD pixels' logarithmic image QE and nQE response 
dependence on the deepest (1.25 wnl depth inner well's width variation, for 
illumination across half of the central pixel's outer well. These responses are 
compared to the A VP data as for Figure 5.59. 
The response profile across all illumination positions is above that of Figure 5.59, 
including the A VP profile. The response trends only differ at the centre where the 
higher nQE indicates a more significant and slightly linearly increasing hole current 
inside the image-well, as the image-well width increases. This is confirmed in 
Figure 5.55 again. The undulating central SCR-A VP profile is due to the same effect 
in the shallowest image-well being magnified due to the larger SCR volume. 
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Figure 5.61 shows FW NPN DJPD pixels' logarithmic image QE and nQE response 
dependence on the shallowest (0.2 um> depth inner weirs width variation, for 
illumination across half of the central pixel's outer well. These responses are 
compared to the A VP data as for Figure 5.59. 
This response profile across all illumination positions parallels the BW profile in 
Figure 5.59 except the response is raised significantly as Figure 5.56 has already 
shown. The linear and exponential trends are the same and the A VP data response 
profile is also paralleled in the same way as in Figure 5.59. The central nQE is 
hardly noticeable above the QE response, though more than the BW profile. 
Figure 5.62 shows FW NPN DJPD pixels' logarithmic image QE and nQE response 
dependence on the deepest (1 .25 wn> demh inner well's width variation, for 
illumination across half of the central pixel's outer well. These responses are 
compared to the A VP data as for Figure 5.59. 
The QE, nQE and AVP profiles are the same for the BW profile in Figure 5.60 
except the response here is increased above the BW response as the image pixel A VP 
is significantly increased. This is important to note that BW and FW DJPD pixels 
respond in the same way in regards to their QE and nQE response trends for pixels of 
equal geometry. Unlike the SJPD, there is no substrate diffusion factoring into the 
response. Rather the DJPD response is totally dependent on the pixel configuration 
and A VP profile inside the outer-well. 
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Figure 5.63 shows BW and FW NPN DJPD pixels' logarithmic image NQE 
response dependence on the shaUowest (0.2 wnJ depth inner welJ's width variation, 
for illumination across half of the central pixel. These responses are compared to the 
A VP data as for Figure 5.59 except only total 2D pixel A VP data is considered. 
Both BW and FW A VP responses are presented for comparison. 
As expected, the BW pixel boundary NQE is 100 times greater than the FW pixel's 
NQE because the maximum QE is much lower in the former and both flat-line 
equivalently (Figures 5.51 to 5.52). In general, the BW responses parallel the FW 
responses. For illuminations inside the outer well (70 to 80 J.UD positions), the FW 
response is above the BW response, while the reverse is true outside the outer well. 
The FW response is therefore the more resolved response. The response inside the 
well trends as in the QE response cases (Figures 5.59 and 5.61) because the central 
QE response is quite flat and the image-well is very shallow. It is unclear why the 
pixel boundary response parallels the 2D image-pixel SCR A VP as in theory 
photocarriers produced in the substrate are captured by the outside SCR and thus 
don't impact on the image-cathode's capture volume. Maybe there is an indirect 
effect on electron diffusion in the outer wen due to the increased hole population in 
the outer well that are being collected by the outer well anode. 
Figure 5.64 shows BW and FW NPN DJPD pixels' logarithmic image NQE 
response dependence on the deepest 0.25 uml depth inner well's width variation, for 
illumination across half of the central pixel. These responses are compared to the 
A VP data as for Figure 5.63. 
This overal1 response profile is slightly increased above the previous profile owing to 
the enhanced QE profile due to the increased image-well SCR volume, with the 
deeper image-well. Otherwise the note about response trends and the response trends 
paralleling AVP data are identical to Figure 5.63. 
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NQE width dependence for pixels with the deepest image-wells, 
compared to A VP data for the total 20 pixel. 
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5.2.3 Effect of Image Well Depth on DJPD Pixels. 
In this section the relationship of QE and NQE to the image-well depth is 
investigated. Results demonstrating the underlying trends in the total result set are 
presented graphically. A complete NPN DJPD pixel results table including QE, 
nQE and NQE data can be viewed in Appendices XV and XVI for BW and FW 
pixels, respectively. The PNP DJPD pixel results (Appendices XIII & XIV) are 
similar so that only the NPN results need to be considered. The A VP data relevant to 
the Pixel configurations may be viewed in Appendix XVll. 
The QB, nQE, NQE and A VP data responses and the graphical data representation 
configuration are presented in the same manner as for the previous section, except 
now the responses are graphed against the image-well's depth. The only change is 
the A VP data used in the NQE graphs. Here the A VP response for a 5 J.Ull 
illumination at the centre is considered, not the total 2D pixel A VP data. The 5 JJ.m 
central A VP data profiles relate more closely to the effect of inner wel1 depth 
variation on the QE and NQE pixel responses. 
Figure 5.65 shows the BW NPN DJPD pixels' logarithmic image QE and nQE 
response dependence on the thinnest (2 J.Jm) width inner well's depth variation, for 
illumination across half of the central pixel's outer well. These responses are 
compared to the A VP data associated with the volume in the outer well 
(image pixel), including the inner-SCR A VP ("SCR A VP") and inner-non-SCR A VP 
("non-SCR A VP") response profiles. Both total 2D pixel A VP data and A VP data 
for a 5 J..lm wide iiiumination at the pixel centre are considered. 
The response at the outer well wall (70 J..ll11 illumination position) is increasing very 
slightly linearly for increasing image-well depth and constant thin width, indicating 
the constant distance between the image-well's SCR and the outer-well's SCR. It is 
increasing because the image-well SCR surface that is facing the outer-well SCR is 
increasing in surface area, increasing the capture efficiency of the image-cathode for 
electrons diffusing towards the image well, from their location of photogeneration. 
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The 75 J.lm illumination position response increases with increasing SCR A VP 
response, but increases only slightly after the middle depth. A possible reason for 
this is BW photocarrier diffusion to the bottom SCR surface is reduced, while the 
side SCR surface increases in the deepest image-well pixel, so that the total SCR 
surface area available to the diffusing photoelectrons remains similar for the two 
deeper image-well pixels. 
As expected, the central response increases exponentially with both SCR A VP as the 
absorption profile always increases exponentially with decreasing penetration depth. 
The hole problem is seen to be increasing very slightly with increasing image-well 
depth, because the image-well volume is small already, being the thinnest well. Also 
the BW pixels already have a reduced hole problem, due to the distant proximity of 
the i1lumination to the image well. 
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Figure 5.65: BW NPN DJPD pixels: image-cathode QE and nQE 
depth dependence for pixels with the narrowest image-wells, 
compared to AVP data for total 20 pixel and 5 urn slice at 20 pixel 
centre. 
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Figure 5.66 shows the BW NPN DJPD pixels' logarithmic image QE and nQE 
response dependence on the widest (1.25 wnl width inner well's width variation, for 
illumination across half of the central pixel's outer well. These responses are 
compared to the A VP data as for Figure 5.65. 
The response is broader and less resolved than the previous response, due to the very 
large increase in image-well SCR surface area and penetration into the outer well 
interior. Thus this 70 J.Ul1 response looks like the 75 J.U11 response in Figure 5.65 for 
the same reason. 
The 75 J.U11 response remains constant initially then increases because the 
illumination straddles the image-well wall SCR. The part of the SCR that is 
illuminated is "hockey-stick" shaped, with more SCR volume at the bottom edge of 
the image well wall. This means that the SCR volume illuminated doesn't just come 
closer to the illumination as image-well depth increases, its volume increases also. 
Note that the 75 J.lm response is nearly slightly under the central response indicating 
the degree of broadness of the whole QE profile. 
The central response is exponential as expected. Now the hole problem increases 
with increasing well dep~h to a greater degree than the hole response in the thinner 
image-well pixels. 
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nQE depth dependence for pixels with the widest image-wells, 
compared to AVP data for total 20 pixel and 5 urn slice at 20 pixel 
centre. 
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Figure 5.67 shows FW NPN DJPD pixels' logarithmic image QE and nQE response 
dependence on the thinnest (2 wn) width inner well's depth variation, for 
illumination across half of the central pixel's outer well. These responses are 
compared to the A VP data as for Figure 5.65. 
All responses, QE, nQE and A VP, are enhanced above the BW responses 
(Figure 5.65). Otherwise most of the response trends are generally similar to the BW 
responses for the same reasons. Again the FW response at the centre is affected, 
more than the BW responses by the increasing hole current with increasing 
image-well depth, due to its illumination proximity to the image-well. The central 
response parallels both SCR A VP profiles, increasing in a way that appears to be 
linear, because the whole image-well SCR is illuminated and the whole SCR volume 
increases proportionately to the well depth. 
At the 75 J.lm illumination position the response trend is now less suppressed for the 
deepest image well, than the BW response (Figure 5.65). This is due to the 
photocanier envelope being outside the image-well. The FW photocanier diffusion 
is more associated with the image-well wall SCR surface than for BW photocaniers 
generated at the same illumination position. The latter photocarriers are more 
associated with the SCR surface at the bottom comer of the image-well and 
underneath the image-well. As the SCR surface, down the image-well wall, 
increases linearly, the capture volume increases with less suppression for the deepest 
well as there is less dependence of the response on diffusion to the SCR surface 
under the image-well. Hence its response continues to increase through to the 
deepest image-well depth, unlike the BW response (Figure 5.65). 
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Figure 5.67: FW NPN DJPD pixels: image-cathode QE and 
nQE depth dependence for pixels with the thinnest image-wells, 
compared to AVP data for total 20 pixel and 5 um slice at 20 pixel 
centre. 
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Figure 5.68 shows BW NPN DJPD pixels' logarithmic image QE and nQE response 
dependence on the widest 0.25 uml width inner well's width variation, for 
illumination across half of the central pixel's outer well. These responses are 
compared to the A VP data as for Figure 5.65. 
At the 70 ~m position, the QE response is increasing more than the thinnest pixel 
(Figure 5.67). Similar to the reason for this same enhancement for the BW response 
(Figure 5.66), the image-well's SCR outer boundary, that extends down the 
image-well's wall, is now much closer to the photogenerated canier envelope 
diffusion, inside the outer well. Therefore its increase irJ surface area, with 
increasing image-well depth, impacts on the capture efficiency of the image-cathode, 
more than for the thinner image-well pixel where the SCR outer boundary is much 
farther away from the carrier envelope diffusion, photogenerated close to the 
outer-well wall. 
At the 75 ~m position, the QE response is coincident with the maximum QE profile, 
above the central (80 J!m position) QE response, due to more inner SCR volume 
being FW, this SCR region down the image-wel1's wall increases in volume as the 
image-well deepens. The nQE also slightly increases with well depth at this position. 
At the 80 ).UTI position, the centre, the SCR A VP profile decreases, with a 
corresponding increase in non-SCR A VP. This means that any increasing central QE 
response is due to the increasing diffusion component. This has contributed to the 
increasing electron and hole current indicated by the increasing gap between the 
central QE and central nQE. Unlike the BW pixel response (Figure 5.66) this central 
response is no longer maximum. Though similar to the naked SJPD FW pixel's 
central responds, this response is less as the image-well A VP is less. 
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Figure 5.69 shows BW and FW NPN DJPD pixels' logarithmic image NQE 
response dependence on the thinnest (2 uml width inner well's depth variation, for 
illumination across half of the central pixel. These responses are compared to the 
A VP data as for Figure 5.59 except only the A VP data for a 5 !Jm wide illumination 
at the pixel centre is considered. Both BW and FW A VP responses are presented for 
comparison. 
As was stated for the pixel boundary NQE response for the width investigation 
(Section 5.2.2, Figures 5.63 to 5.64), it is unclear as to why this NQE response at the 
image-cathode increases with increasing image-well depth, as the outer-well depth 
remains constant. As mentioned in Section 5.2.2 (Figure 5.63), it is unclear why the 
BW and FW pixel boundary responses parallels the image-pixel SCR A VP profiles. 
Also as suggested in Section 5.2.2 (Figure 5.63) there may be an indirect effect on 
electron diffusion in the outer well due to the increased hole population in the outer 
well that drift across the SCR to he collected by the outer well anode. 
While the 70 J.U11 position, the well wall, NQE response decreases, the 75 J.U11 
position NQE response bows upwards at the centre of its response, but then 
decreases to a minimum. This general decrease is due to the increasing central QE 
response, which parallels the SCR A VP profile. The minimum NQE responses 
occurring for the deepest image-well pixel, indicate that this pixel gave the most 
resolved response, but there is very little difference between these three different 
image-well-depth pixel responses. 
Figure 5.70 shows BW and FW NPN DJPD pixels' logarithmic image NQE 
response dependence on the widest (1.25 uml width inner well's width variation, for 
illumination across half of the central pixel. These responses are compared to the 
A VP data as for Figme 5.69. 
Now the 70 J.U11 and 75 ).l.m position NQE response trends are reversed to Figure 
5.69, with the 70 fllll being bowed and the 75 fllll decreasing. The deepest pixel still 
has the lowest NQE, and is therefore more resolved, but not by much. The thinner 
pixel response (Figure 5.69) is still the more finer, narrower and more resolved. 
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6. DISCUSSION 
In this section the result findings are discussed, on a sectional basis. The most 
optimum pixel configuration of the sample space, will be recommended. "Optimum" 
implies the best combination of sufficiently suppressed crosstalk and sufficient 
maximum QE. Findings by other research groups will be compared and future 
direction of research recommended in each section, where applicable. 
6.1 The Vertical SJPD Pixel. 
Some of the principles for advantaging any Photodiode pixel have been revealed in 
the results section owing to the availability of carrier QEs and A VP data. For 
example, the electric field is the same for BW and FW pixels of equal configuration, 
what differs is the light absorption geometry across, ultimately, the 3D volume of the 
pixel array, which is precisely what the A VP data and resultant canier QE 
demonstrate. 
6.1.1 Effect of Substrate Thickness and Well Depth on Naked Pixels. 
The results in Section 5.1.1 show that in the case of BW pixels, for illumination not 
close to the wall, the capture efficiency parallels the non-SCR A VP data which 
seems to indicate that contribution of the diffusion transport mechanism increases 
with Substrate depth, for constant well depth in BW Pixels. This is possibly due to 
the exponential decrease in Quantum budget of incident light that, for the BW pixel, 
generates the majority of photocarriers increasingly further away from the capture 
region of the Image cathode. This distancing problem can be overcome by bringing 
the SCR closer to the generated photocarrier population, increasing capture 
efficiency and hence QE. This is observed for illuminations close to the well wall, 
where the photocaniers are brought closer to the SCR, for increases in substrate 
depth and constant well depth. This is also observed for well depth increases, where 
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the SCR is brought closer to the photocarriers, for constant substrate depth. This 
indicates that the contribution of the drift transport mechanism increases with 
increasing proximity to the SCR i.e. with increasing well depth or SCR illumination 
proximity. 
Thus for BW SJPD pixels, to keep boundary QE low, the back wall is brought closer 
to the SCR rather than the other way round. This maximizes the drift transport 
mechanism and radically cuts the diffusion component that is responsible for 
increased image cathode-capture-efficiency at the pixel boundary. Subtracting 
effects of increasing hole population with well depth is more apparent for deeper 
wells and only for illuminations cutting into the n-well region; over the well waH at 
the 70 J.lm position. 
A depressed non-SCR A VP profile, in the FW case, translates to a reduction of the 
diffusion contribution to the total QE, which means less "free running" diffusion in 
the substrate, closer to the pixel edges and hence a reduced boundary QE. Especially 
in the deeper substrates, this "free running" diffusion causes an increasing crosstalk 
problem for both modes of illumination. 
While the BW mode suffers from distancing from the SCR and surrounding capture 
region of the photogenerated faster electron minority carriers, the FW mode suffers 
from reduced QE at the well region due to increased photogeneration in the n-well, 
of the slower hole subtracting current. A depressed mobility outside the well, as 
would be expected in the n-substrate SJPD unbounded by a well enclosure, would 
serve to discourage free substrate diffusion, resulting in reduced crosstalk in SJPD, 
for both illumination modes. However sensitivity may be reduced as the hole is then 
the image carrier. Thus the general policy to have the SCR as close as possible to the 
point of incidence of the illumination as well as maximizing the SCR A VP, is 
concluded. This translates to a shallow substrate rather than a deep well as the above 
QE results indicate. 
For the optimum shallow pixels the QE response is relatively high at 0.75, even 
though 50% of the illumination is transmitted and is therefore lost, i.e. a maximum of 
only half the quantum budget being available for photogeneration and resulting 
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image carrier capture. Due mainly to the SCR A VP dominating the available 
illumination quantum budget resulting in a drift dominated photo canier response, 
the benefit of a reduced hole QE is also apparent. The deeper well is operationally 
better for the BW pixel as it is the more drift dominated and thus has a faster capture 
rate, translating ultimately to more frames/sec in real time visual application. That 
is not to say that this Pixel configuration is the one of choice. Rather, that the 
capture efficiency may be enhanced by maximizing the SCR A VP, which by itself 
may not increase sensitivity. The minimum well-A VP needs to be balanced with the 
maximum SCR A VP and the minimum non-SCR A VP. This is so that QE reducing 
well minority caniers and diffusion outside the well may be minimized and drift 
regions maximized. Reducing the A VP outside the SCR, outside the well, with a 
simultaneous increase in SCR A VP will minimize crosstalk in SJPD pixels. 
This reiterates the conclusion in the study of the QE profile outside the well. That is 
that smaller well volumes and minimized diffusion outside the well, using shallower 
substrates, serve to maximize QE for illumination in and close to the well while 
minimizing QE for illumination further from the well and outside the pixel boundary. 
Suppression inside the pixel means that there is room for pixel pitch decrease, 
increasing physical resolution of the imaging array. It also means increasing well 
pitch which increases fill factor. 
6.1.2 Effect of Boundary Trench Isolation (BTl) on Naked Pixels. 
The results in Section 5.1.2 show that BTl wells effect the pixel response as follows: 
1. Limited suppression of the QE and NQE for illuminations at the boundary 
and outwards from the pixel, due to suppression of minority current 
(electronic) transport towards the central pixel depletion region. 
2. Enhancement inside the pixel, up to the well wall due to enhancement of 
minority current (electronic) in illuminated p-substrate. 
3. Immediate suppression of minority photocurrent (holes) in illuminated wells. 
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Point (1) requires explanation. As carriers diffuse outwards from their 
photogeneration region in the substrate, in an SCR direction, they pass through the 
BTl "traps", where, due to the increased majority hole population, increased 
recombination results. This results in decreasing the minority carrier electron 
population and the suppression of the image cathode QE, which is mainly the 
electron QE. The direct relationship between the volume of BTl and the QE 
becomes more apparent (or more BTl weighted) as the BTl depth increases, due to 
more BTl taking up the "free diffusion" regions in the substrate, and exposing more 
of the photogenerated carrier envelope to the BTl surface. This also explains the 
case when the travel path of the minority carrier through the BTl welis increases, as 
is the case for two intervening BTl (or thicker BTl) wells. 
This then explains the suppression from the inner BTl well, outwards from the 
central pixel being due to increased recombination in the more heavily p+ doped BTl 
wells, intervening between the minority carrier envelope and the pixels depletion 
region. The semi-exponential suppression i~ QE and NQE with both BTl well width 
and depth needs furth~r investigation across the full data set, however the 
proportional decrease in response with increase in BTl volume is clearly 
demonstrated. Maximum suppression of 46% for deepest BTl well in the shallowest 
substrate, with the shallowest well pixel, is due to the greater isolation impru.ted by 
the deepest BTl wells that penetrate to 1 J.lm from the back wall. This presents more 
of a barrier to "free run" diffusion in the substrate. BW pixd is less suppressed as 
the point of illumination incidence is closer to the 1 J.liil "norJ-isolated" opening at the 
' bottom of the BTl wells. 
For photogeneration between the inner BTl and the image cathode, the increasing 
depth serves to either enhance the generation of electron I hole pairs or enhance the 
mobilityflife time of carriers or enhance the extent of the cathode's electric field thus 
enhancing minority carrier drift further away from the SCR, increasing capture 
efficiency, or all three. Though the actual mechanism is unclear, the benefits of 
introducing BTl to moderately suppress boundary QE while enhancing inner Pixel 
QE, up to the well wall, in BW VSJPD is of note. 
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What is obvious is that the presence of the BTl well enhances the QE response more, 
when more of the photogenerated minority canier envelope is adjacent to the BTl 
surface and the SCR surface; the canier envelope between the two structures. 
Similar responses for shallower substrate pixel configurations is due to the carrier 
envelopes being similarly adjacent to SCR and BTl well. The deeper the substrate 
and the deeper the BTI well the less similar the response. The 60 J.lm position is less 
enhanced than the 65 JJ.m position, as the beam straddles the BTl well and so less of 
the beam is between the SCR and BTl well. 
The recovery to the total QE for BW or FW BTl pixels for illuminations over the 
well, is fairly robust and immediate. The greater the negative hole current, 
demonstrated in deeper well non-BTl pixels, the greater the hole current suppression 
and hence the greater the total QE recovery, to approximately equal QE levels across 
pixel configurations of different well depth. This recovery effect, makes the image 
cathode QE less effected by the well depth variation, leaving only the increasing 
trend in QE due to increasing substrate depth unaffected by the presence of BTl 
wells. This indicates the benefit of BTI wells to deeper substrate SJPD pixels, 
especially in FW pixels. However this type of BTl well is of minor benefit to 
increasing QE for shallow BW single junction PD which always exhibited the better 
relative crosstalk. 
For the shallowest pixels, for which the relative crosstalk is minimum, the BTl wells 
increasingly reduce the relative crosstalk by a maximum proportion of one half, for 
the deepest BTI well depth. However the relative crosstalk is still too high for 
practical use of the BW pixel, with pixel boundary QE of 0.036 e/photon equivalent 
to a NQE of 0.048. 
There are mechanisms underlying the hole QE suppression in the well and electron 
QE enhancement outside the well that are unclear as yet. However, the more 
important mechanism of pixel boundary QE suppression due to the proximity, depth, 
width and number of the BTI wells has been explained on the basis of increased 
recombination of the photogenerated electronic minority carrier population. From 
this it can be concluded that a shallower substrate improves BW pixel boundary QE 
(crosstalk) suppression, bringing it down to similar FW pixel values. 
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Further investigation of wider and more doped BTl wells is called for. Also the use 
of single junction BTl with n-type centre surrounded by a p+ sleeve and its own bias 
may also prove to be of more crosstalk reducing benefit to the SJPD pixel. This is 
because it introduces a depletion region (SCR) which is more effective at capturing 
"free" substrate minority carriers. Another approach that needs investigation is the 
introduction of insulating Si02 BTl. These should prevent all carrier transport 
between adjacent pixels to the depth of the BTl, resulting in a significant reduction in 
crosstalk. Thus the possible benefits of BTl type structures in the pixel cross section 
are not lost with the specific type of BTl well investigated in this honours project. 
6.1.3 Effect of Guard· Ring Cathodes on Naked Pixels. 
The results in Section 5.1.3 show that the 3-cathode-pixel (guard-ring SJPD pixel, 
referred to as the guarded pixel) profile has crosstalk reduction advantages over the 
unprotected single cathode SJPD pixel (naked pixel). The guarded pixel allows 
increased image-array resolution using smaller pitch pixels, indicated by the 5 orders 
of magnitude pixel boundary QE suppression, that becomes 6 orders of magnitude, 
up to the well wall is very clear. It is only inside the pixel wel1s that the image 
contribution QE is significant for the chosen cathode sizes: maximal guard ring and 
minimal image cathode dimensions. These dimensions have been inferred from the 
trends observed in electrode size and position studies (Section 5.1.4). 
The image cathode size of 0.4 Jlm is the minimum width for 0.35 Jlm fabrication. 
Since this size, combined with the maximum size guard of 3.2 J.lm shifted 1 J.Un from 
each side of the well, gave the best suppressed relative crosstalk (boundary NQE) 
this configuration was used. One exception was that this study has used guard-ring 
cathodes double the maximum size of the guards use in Section 5.1.4. The trend of 
better crosstalk suppression resulting from an increase in guard size observed in 
Section 5.1.4 prompted the use in this section of a larger guard-ring cathode which is 
twice the optimal size obtained in Section 5.1.4. 
218 
A literature search has not revealed any research of late into guard ring CMOS SJPD 
technology, its advantages or disadvantages. This seems unusual as the process 
improves the crosstalk suppression profile of any SJPD pixel configuration compared 
to the same pixel naked, for the regime of pixel configurations simulated in this 
research. A more intense literature search and further investigation is warranted. 
One disadvantage of the guard-ring configuration is that the voltage bias applied to 
each cathode on the well, the guard and image cathodes, must be perfectly equal. 
Any slight difference between the guard ring and the central image electrode will 
result in an appreciable current flowing between them as would happen if a potentia] 
difference was placed across any extrinsic or intrinsic semiconductor. 
From the point of view of the BW pixel, the advantage that the guarded pixel 
engenders is equal crosstalk suppression to the FW pixel as Figure 5.21 in 
Section 5.1.3 shows. Their suppression is similar right up to the well, which means 
that the BW pixel can be scaled down in size similar to the FW pixel, for pixels of 
shallow substrate thickness. The optimum for this configuration of bias and doping 
regime is the 3/1 guarded pixel. 
The production of the optimum BW guarded pixel does not directly depend on its 
geometry i.e. the shallowness of the substrate or the depth of the well. What does 
have direct effect on optimization is that the drift A VP component is maximized and 
the diffusion A VP component is minimized. For their associated A VPs this means 
that the SCR A VP is greater than the non-SCR A VP. This is the case for the 
shallowest 3/1 pixel, given the biasing and doping regimes of the pixel 
configurations simulated. Therefore it is highly probable that a thicker SJPD pixel, 
with a larger reverse bias and I or lower doped substrate with a well depth situated so 
that the SCR penetrates nearly to the back waJl of the pixel, having a substrate nearly 
totally depleted, will improve on the A VP statistics associated with the current 
optimal pixel (3/1). 
The A VP trend associated with optimality can and will be extrapolated to other 
photosensing crystalline Silicon pixels as well as pixels made with other direct or 
indirect extrinsic semiconductor materials. The latter can be used in concert with a 
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Silicon based signal Processing ASIC only when the photosensing arrays is backwall 
illuminated. Hence the advantage of the BW pixel. This requires further research to 
develop the A VP photonic probe statistic so that it can be applied to other Silicon, 
indirect and direct extrinsic photosensing pixels so that the response resolution of 
these devices can be optimized. In this way a range of optimized photosensing pixels 
may be developed for a range of wavelength regions, including infra-red, visible and 
ultra-violet. 
6.1.4 Effect of Well-Electrode Position and Width on Guarded Pixels. 
The results in Section 5.1.4 show that the extent of suppression and shape of the QE 
and NQE response of a SJPD guarded pixel depends mainly on the guard cathode 
configuration. This is due to this cathode's capture window dominating the SCR, 
enveloping the well wall, completely surrounding the central image cathode capture 
window, making access to the later only possible aJong the central pixel axis, nonnal 
to the surface. Hence there is more response resolution, while sensitivity is not 
significantly reduced. Compared to the naked pixel, this reduction in sensitivity is 
50% in 3/2 pixels simulated in Section 5.1.4 and even less for the 3/1 pixel simulated 
in Section 5.1.3 having the local optimal cathode and pixel geometry. These 
promising findings must prompt further investigation that test the limits of 
resolution, with SJPD guarded pixels of reduced pitch and reduced well pitch. 
Correlation with A VP data could be employed so that guard pixels of optimal well 
and substrate geometry are used. 
Possibly the down sizing wi11 also down size the optimal cathode configuration of 
position and size, impacting on CMOS fabrication resolution. Already the size 
restraints apply if, for example, the reduced well pitch is 5 J.lm, the optimal 3.2 J.Ull 
and 6.4 j.tm wide guard ring in Section 5.1.4 and Section 5.1.3, respectively are 
obviously too large. But, in what ever way the image and guard cathodes are 
configured and however large the pixel size reduction, the guarded pixel will always 
be more resolved and have less crosstalk than the over sensitive naked pixel 
configurations. 
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Lastly, a more effective BTl configuration may prove to be a worthy challenger of 
the guard ring configuration's local optimality, especially if the BTl consists of an 
insulator such a Silicon Dioxide. The BTl solution is external to the well and so 
internal well structures that reduce the degree of down sizing are eliminated. 
However with the use of BTl an inter-well structure is now introduced. This requires 
further investigation. 
6.1.5 Effect of Doping Concentration on Guarded Pixels. 
The results in Section 5.1.5 have shown that for the guarded pixel with 1017 cm·3 well 
doping, the 5 orders of magnitude change in doping of the substrate, creates as much 
as a little dip at the substrate doping of 1016 cm·3• This result is significant as the 
SCR penetration orientation changes from substrate penetrating to well penetrating, 
which is a significant SCR rearrangement. This image QE response is similarly 
robust for both p-well and n-well pixels in the presence of the guard-ring. This 
response seem to be totally insensitive to the significantly decreasing SCR A VP 
profile. 
The result for the variation of well doping indicates that a larger SCR well 
penetration enhances the guard response, which suppresses the image response, 
though this is not an excessive image response suppression relative to the other 
responses. As the SCR width decreases while substrate penetration increases, the QE 
and NQE responses trend with the non-SCR A VP. This indicates the response is 
more diffusion dominated allowing more carriers access to the image-electrodes 
capture field and so raising the response. The presence of the guard field still robusts 
this increase, giving a very slight increase. 
The suppressed p-we11 FW pixel NQE responses for illumination at the 70 ~m 
position does not appear to be supported by the QE profile that coincides with the n-
well FW pixel profile for both the 70 J.li1l and central (maximum) illumination 
positions. 
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FW pixel QE and NQE response is always slightly more suppressed, especially 
closer to SCR due to the closer proximity of the FW photo-generated carrier 
envelope. However this is not significant when compared to the shocking naked 
pixel crosstalk and response resolution. 
Results from Section 3.1.3 demonstr.lte far better response resolution for the 3/1 
guarded pixel; even the well wall NQE is more suppressed than the lowest relative 
crosstalk of the most optimum guarded pixel in this study. When optimizing the 
SJPD guarded pixels, initially a substrate thickness is chosen for a given pixel and 
well pitch. Then for this thickness a regime of well depths is tested against a regime 
of doping concentrations and junction biases to optimize the well depth, doping and 
bias for the chosen thickness. 
Certainly doping regimes that maximize the SCR A VP while minimizing the 
non-SCR A VP can result in good response resolution (3/1 pixel in Section 3.1.3) for 
both BW and FW guarded pixels. If the non-SCR A VP is increased by 65%, while 
maintaining the same SCR A VP (412 BW pixel with Section 5.1.1 doping and a 
well-external SCR), the response resolution is significantly reduced. Suppressing 
the "free" substrate photocarrier diffusion by increasing the guard capture field 
penetration depth, reduces the "free" diffusion "gap", between the back wall and the 
bottom of the guard capture-field envelope. This reduces the population of 
photocarriers, generated either side of the well, from diffusing under the guard-ring 
"curtain". Instead, they are absorbed in the image electrodes guarding "force-field". 
A maximized SCR A VP and minimized non-SCR A VP are symptoms of an optimum 
well-electrode capture field orientation and the proximity of the photogenerated 
minority carrier envelope to the guard ring. 
Resolution decreases for decreasing well penetration in the 3/2 pixel but is reversed 
in the other pixel geometries that have thicker substrates. This maybe due to the 3/2 
pixel being more drift dominated with the increased SCR penetration of the well in 
the optimum pixel with substrate I well doping of 1019 cm'3 /1016 cm·3• This doping 
regime may increases the SCR penetration into stronger electric field flux and thus 
increasing the guards capture efficiency about the well, while increasing the image 
electrode's capture efficiency at the centre. The thicker pixels have increasingly 
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more "free" diffusion in the substrate. Thus, larger SCR's that penetrate more into 
this region outside the well, see an increase in guard and image capture efficiency, 
resulting in an increase in the QE and NQE response resolution. 
Finally, this section ends with an example that illustrates the use and possible abuse 
of A VP data. The following pixels are reverse biased by 2 volts. 
(A) 3/1 Pixel A VP for a 5 ~m wide il1umination @ pixel centre, the 80 J.1.m position 
(SCR I non-SCR): 
BW = 34.38% 115.82% ; 
FW = 28.24% 121.97% 
(B) 412 Pixel A VP for a 5 ~m wide illumination @ pixel centre, the 80 ~ position 
(SCR I non-SCR): 
BW =34.38 %126.15%; 
FW = 22.38% 138.15% 
In both n-well pixel examples,(A) and (B), the FW guarded pixel is slightly more 
resolved than the BW guarded pixel. However, the FW SCR and non-SCR A VPs are 
less maximized and less minimized, respectively, compared to the BW pixel. 
However, between different pixel geometries (A & B), with the same mode of 
illumination, the ''maximize-minimize" criterion is vindicated, as the 4/2 pixel is 
much less resolved than the 3/1 pixel, for both illumination modes. This indicates, 
when utilizing A VP data as a guidepost in the pixel configuration optimization 
process, comparison between the same configured pixels illuminated differently, can 
be misleading without other resolution parameters being considered. 
6.1.6 Effect of Voltage Bias on Guarded Pixels. 
The results in Section 5.1.6 have shown that for increasing bias the naked pixel and 
guard cathode QE responses are increasing, while for the guarded image cathode the 
QE response is only increasing at the centre and decreasing elsewhere. The 
increasing capture efficiency of the guard-cathode possibly suppresses the image-
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cathodes response away from the centre where the image has the least influence. 
This trend is apparent for both BW and FW guarded pixels. 
The advantage of a better A VP profile of the 312 [0] goarded pixel, with higher SCR 
A VP and significantly reduced non-SCR A VP compared to the other pixel 
configurations, enhances the response profile of the 3/2 pixel significantly. Note that 
the BW and FW 312 [0] guarded pixel QE and NQE profiles are far less separated 
than the other pixel configurations. The reason the BW and FW 12/2 guarded pixels' 
QE and NQE responses differ so much is again the closer proximity of the FW 
photo-generated carrier envelope to the SCR and associated guard-ring cathode 
capture field. 
The NQE results indicate that more biased is better for the pixel response resolution. 
However, similar to the doping investigation in Section 5.1.5, the change in the bias 
has less effect on changing the pixel response than changing the pixels regional 
geometry. This is clearly shown in the contrast between the 3/2[0] and the 12/2(0] 
guarded pixel responses. This is again reflected in the A V Percentage profiles in 
Figure 5.49 and Figure 5.50, indicating once again the usefulness of A VP data for 
initial prediction of a possible optimal pixel, in regards optimal response resolution 
that includes enhanced central sensitivity and crosstalk suppression. 
Adding to this reverse biased investigation, an even more resolved NQE response is 
evident. The local-global optimal, 2 volt reverse biased ([2]), 3 11111 thick and I 11111 
deep well (311) guarded pixel (Figure 5.27) has higher SCR A VP and lower non-
SCR A VP than the local optimal guarded pixel discussed in Section 5.1.6. 'l'his 
increased NQE response resolution is demonstrated by the response profile 
flat-lining from the pixel's well wall outwards. This means that the image-cathode's 
capture field is capturing no extra carriers than for iiJuminations at the far boundary 
of the adjacent pixels (5 J.lm and 155 J.1tD positions). This indicates the central pixel's 
image response is dead beyond its well wall; a highly resolved response. Again its 
A VP profile is one signpost pointing towards its possible optimality. 
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Extrapolation of the reverse bias trend applied to a 3 jlm thick (3/0.5) [3] guarded 
pixel has an even better A VP profile compared to the 3/1 [2] guarded pixel. This is 
demonstrated by the A VP profiles of the two pixel configurations compared in the 
Table 6.1. 
T bl 61 AVP d I I th 311f21 d 3/0 5[31 a e . : a a or e an d d . I guar e [!IX9 S. 
Total AVP Guarded pixel SCR A VP: Guarded pixel Non-SCR A VP: 
=50.206% (%) (%) 
lllumination 3/1; 3/ 0.5; 3/1; 3/ 0.5; 
Mode: [2] [3] [2] [3] 
5 jlm beam 31.698 (BW) 33.474(BW) 18.508 (BW) 16.732 (BW) 
over well wall 30.314 (FW) 35.331 (FW) 19.892(FW) 14.875 (FW) 
(@ 70 jlm) 
5 J1m beam 34.382 (BW) 37.293 (BW) 15.824 (BW) 12.913 (BW) 
at well centre 28.236 (FW) 35.905 (FW) 21.970 (FW) 14.300 (FW) 
(@ 80 Jlm) 
2D total pixel: 16.654 (BW) 17.883 (BW) 33.552 (BW) 32.323 (BW) 
50 J1m beam 14.534 (FW) 17.838 (FW) 35.672 (FW) 32.368 (FW) 
at well centre 
3D total pixel: 7.9966 (BW) 8.5370 (BW) 42.209 (BW) 41.669 (BW) 
50 jlm2 beam 7.2106 (FW) 8.5969 (FW) 42.995 (FW) 41.609 (FW) 
at well centre 
Further investigation of the 3/0.5 [3] guarded pixel by simulation may confinn that 
for the more optimal guarded pixel, the higher BW SCR A VP for the 80 J.tm position 
illumination, will result in a higher central BW pixel QE response, because of the 
enhancement of the BW image capture efficiency. The higher FW SCR A VP for the 
70 Jlm posicion illumination, will result in a more suppressed FW pixel QE response 
elsewhere in the pixel, because of the enhancement of the FW guard capture 
efficiency. Both of these effects cause a similar NQE response resolution for both 
modes of illumination, similar to the 3/1 [2] guarded pixel. Also it is expected that 
the proposed simulation investigation will confirm that the proposed optimal pixel 
has better QE and NQE response resolution than this latter pixel. 
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The use of A VP data has proven to be useful in providing an initial guide to find the 
most optimum SJPD pixel. It has been shown that the dramatic difference between 
the A VP profiles for the different thickness pixels is reflected in the QE and NQE 
responses. For the range of reverse biases studied, the thickness has had more of an 
effect on the increase in response resolution, than the changes in bias, because the 
thickness change is more extensive. This is due to the loss of substrate below the 
well, bringing the SCR closer to the back wall, as well as removing the large "free" 
region that encouraged crosstalk diffusion in the substrate for the thicker pixel. 
In conclusion, for the range of pixel geometries investigated, the FW response 
resolution is better than the BW resolution with bias contributing little to this 
difference. However, as stated elsewhere, as BW and FW pixel A VP profiles 
coincide so does their response resolution. Furthennore these differences are not 
significant enough for the more optimal geometry FW guarded pixels to outweigh 
the TFA and omni~semiconductor-compatability advantages of the BW guarded 
pixels. 
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6.2 The Vertical DJPD Pixel. 
In this investigation, as was true for the SJPD pixel research, canier response QE and 
A VP data have helped to elucidate the operating mechanisms that advantage and 
disadvantage the DJPD pixel configuration over the previous SJPD pixel 
configurations. 
The main advantage of the DJPD pixel is the presence of an outer junction, which 
acts as a junction~guard. Unlike the guard-ring electrode system, the guard-junction 
encapsulates the inner image-pixel so that image-electrode response for illuminations 
from the inner surface of the outer junction outwards into the substrate are nearly 
totally suppressed. Additionally the image-electrodes response profile can be 
maximized and varied to a much greater degree of flexibility than the guard-ring 
SJPD pixel. This is achieved by altering the image-weii's geometry as the following 
sections demonstrate. 
The main disadvantage of the DJPD pixel is the inability of the inner junction to be 
depleted to the backwall, as can be achieved with the guarded SJPD p:,el. Deeper 
outer wells can overcome this problem, but this adds more complexity to image-array 
IC fabrication as already a double well diffusion process is needed. However having 
backwall-depletion may not be an advantage for the BW pixel because it may 
counteract the wavelength range selectivity that has been demonstrated as an 
advantage of BW pixels (Hinckley, Gluszak & Eshraghrian, 2000). 
6.2.1 Effect oflnner (Image) Well Dimensions Against Illumination Position. 
As has been noted, the results show that the DJPD is superior in response resolution 
and in response-shape control, than the SJPD guarded pixel of equal bias, doping and 
geometry to that of the DJPD pixel's outer well and substrate, even without the 
DJPD electrode size and placement being optimized. Also, significant reduction in 
maximum QE caused by the hole problem, is only apparent in the widest and deepest 
image-wen pixels, but certainly not to the same degree as naked FW SJPD pixels. 
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The results also noted that the PNP DJPD is only slightly inferior to the NPN pixel 
due to its image carrier being holes, which have less mobility than electrons. 
A reduction of substrate thickness will have the same benefit for BW DJPD as for all 
SJPD pixels, simply because the BW image pixel's A VP will then be similar to the 
FW value. The removed well-hole problem in guarded pixels is one advantage that 
may be used in the pitch reduced DJPD pixels for relatively deep image-wells, 
though the hole problem is not significant enough a problem for deep but thinner 
image-well pixels, as their intra-well NQE and degree of resolution are the best for 
this inr.-.1r and outer SCR width of 0.2 J.lm and 1.88 J.lffi, respectively. 
What is relevant to the image response of the DJPD pixels is that there are two 
junctions fanned by two wells. It is the response inside the outer well that is 
important, the response outside this well, in the substr'\te, always flat-lines. Exactly, 
this means there is never any problem of crosstalk; it's a non-issue. 
It is therefore possible that the outer well may be fabricated as close as the width of a 
substrate electrode plus twice the outer well's SCR width in the substrate. For the 
doping regime in this investigation and the minimum electrode size of 0.4 J.lm for 
0.35 JUil CMOS technology, the wells could be separated by about 4 JUI1 
(1.86+ 1.86t{).4). Lets be generous, and grant it 5 Jlm. The pixel pitch has thus been 
reduced to 25 J.lm, increasing the image array's physical resolution by four times for 
the BW pixel with its ASIC indium bumped to the electrodes on the front surface. 
Furthennore the present inter-well distance is 30 J.lDl. 5 J.lm is a 6-fold reduction. 
Due to the predictable flat-line response profile for illuminations outside the outer 
well for DJPD pixels and the response-tailoring potential of the DJPD image well 
geometry it is conceivable that this 6-fold reduction could be applied to the whole 
pixel. This will result in a pitch of about 8 J.lm, with an image pixel pitch 
(outer well pitch) of about 3 J.lm, proportionately larger than the present pixel. Thus 
arriving at a 6.25-fold reduction in pixel pitch while increasing the resolution about 
40 times. With a ten fold increase in substrate doping the outer well SCR width will 
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reduce to 0.566 J.l.m, allowing even greater reduction in pitch and increase in 
resolution, if this reduction is app1ied across the whole pixel. 
Certainly the guarded (3/1) [2] SJPD BW or FW pixels response is comparable to 
both the BW and FW DJPD response with the change to the latter's thickness so that 
the image-pixel A VP for BW and FW become equivalent. However it is less clear 
the effect that closer guard-ring capture fields would have on the SJPD pixel's image 
response if the gap between adjacent pixel wens was reduced. Needless to say both 
guarded and double junction pixels need further simulating for pixels of reduced 
pitch and well pitch to check the former effect and to verify the predicted advantages 
of the DJPD pixel configuration. 
6.2.2 Effect of Inner (Image) Well Width on DJPD Pixels. 
The results in this section have shown the linear response of the image-cathode to the 
Jinear change in width for illuminations inside the outer well. That is for most of the 
illumination area of the image-pixel, not the total pixel. Only at the outer-well edges 
does the image-cathode respond exponentially to changes in image-well width. 
The results show that the image-cathode QE response of the NPN DJPD pixel 
response is largely dependent on the change in image-pixel SCR A VP that occur for 
increases in image-well SCR volume, resulting from the increase in image-well 
width. This paralleling of the image-pixel SCR A VP may allow the prediction of the 
response resolution of a DJPD for which this A VP and configuration of doping 
biasing and well geometry are known in comparison to another DJPD pixel 
A VP- configuration set. 
Furthermore, the increasing hole problem is experienced by the deeper image-well 
FW pixels, rising slightly with increasing image-well width. However this increase 
does not significantly affect the FW pixels central response in the extreme way as for 
the naked SJPD FW pixel. If this is a problem, the use of the BW mode is 
recommended, though for thinner pixels this may become a problem for BW pixels if 
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deep and wide image-well pixels are used. Advocating a BW mode suits the purpose 
of this research significantly. 
6.2.3 Effect oflmage (Inner) Well Depth on DJPD Pixels. 
The results in Section 5.2.3 have shown that a change in the image-well's depth has 
far less effect on the QE, nQE, pQE, NQE and A VP profiles than does a change in 
the image-well's width (Section 5.2.2). This is due to the greater change in the latter, 
effecting a greater change in A VP, which has a flow-on effect to cause a greater 
change in the other QE and NQE response profiles. 
The results have also shown that the deeper well is more resolved and the thinner 
well has less of a hole problem. The reason for greater resolution is the increased 
SCR outer boundary area for the deeper image-wells. The reason that the thinner 
pixel is the better choice is that there is more p-outer-well volume in which more 
electronic minority carriers, more mobile than holes, can be photogenerated. This 
will enhance the image-cathodes capture volume, resulting in a better response 
resolution and less of an increased hole problem inside the image-well. 
The results have also shown that the BW pixel is superior to the FW pixel with 
regard to the hole problem. This is mainly due to the thickness of the substrate of the 
pixels simulated in all the DJPD investigations. Bringing the incidence of 
illumination closer to the image-well, by reducing the pixel's thickness, will increase 
the hole problem in the BW pixel. However, as has been demonstrated in the naked 
SJPD simulations (Figures 5.1 and 5.2), the FW pixel hole response over the image-
well is always more pronounced because its illumination is always closer to the 
image-well, resulting in a higher image-well A VP. 
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7. CONCLUSION 
This research has made a comparative investigation of crosstalk in BW and FW 
vertical SJPD and DJPD CMOS compatible pixels using a commercial 2D device 
simulation package, SEMICAD DEVICETM (1994). Comparison of pixel total, 
electron and hole quantum efficiency (QE) response and Absorption Volume data 
was undertaken and qualitative understanding of the processes contributing to 
enhanced response resolution and reduced crosstaJk was arrived at. 
Thus this project has investigated the effect of varying the DJPD and SJPD pixel's 
geometry on response resolution and crosstalk. Only for the SJPD pixel, the effect of 
doping, biasing and introducing highly doped pixel boundary trenches (BTI) on 
response resolution was also undertaken. Additionally the effect on pixel resolution 
of introducing a guard-ring electrode to the SJPD pixel configuration was 
investigated. 
For SJPD, the highly doped recombination boundary trench isolation (BTl), placed 
either side of the pixel's well, showed considerably less pixel response resolution and 
hence more crosstalk than using the guard-ring electrode configuration. However the 
BTl-pixel's response was an improvement on the unguarded (naked) single image-
electrode SJPD pixel's response. The outer junction of the DJPD pixel acts in the 
same way as the guard-ring electrode for the SJPD, by suppressing the pixel response 
away from the pixel centre. 
For thicker pixels with similar geometry of outer well and substrate to the SJPD 
guarded pixel, the outer junction guard improves the pixel response resolution more 
than the electrode guard does. The lower response resolution in the guarded pixel 
occurs because the photocaniers generated in the substrate are still able to gain acceas 
to the image capture field from underneath the guard-ring capture field "cylinder". 
The DJPD guard well that encapsulates the image well prevents axial access by "free" 
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substrate diffusing photocarriers, and hence there can not be any significant image 
response for illumination outside DJPD image-pixels. 
For shallower guarded and DJPD pixels their response resolutions are not 
significantly different, in that now axial access to the image electrode, from 
underneath the guard field "cylinder", for guarded pixels is also prevented, resulting 
in insignificant response outside the "well" (outer well in DJPD). For DJPD pixels 
the response resolution is more flexibly varied inside the "well" than for the guarded 
SJPD pixel. 
Generally the FW PD pixels have better response resolution and hence crosstalk 
suppression than the same pixel BI, due primarily to their greater SCR A VP, 
resulting from the closer proximity of their photogenerated canier-envelope to the 
pixel's SCR. However as FW and BW pixel A VP profiles converge, due mainly to 
pixel thickness attenuation, their response resolution becomes less distinguishable. 
The predictive advantage of pixel A VP data for optimal pixel response resolution is 
evident though simulation is still the necessary final arbiter without the more costly 
fabricated-device testing option available. 
Finally the pixels in order of generally increasing response resolution: 
For thicker pixels (l2J.1m): 
Naked SJPD <naked SJPD +BTl< guard-ring SJPD < DJPD pixel. 
For shallower pixels (3 l'ffi): 
Naked SJPD <naked SJPD + BTl< guard-ring SJPD = DJPD pixel. 
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APPENDIX I: RESULTS- SJPD 
Bl-non-BTI-twin-control-1 electrode-nv,•ell-array2&3 -633, Normalized QE and scanned OE dependence on Well and Substrate depth. 
SJPD PSE SIDE RESULTS Outs;je 2nd BTl On 2nd BTl On PSE boundary On 1st BTl 
Dp subs! I Dp weJI Dpbti po::; OE@ 45 OE 1:1 i15 OE Cl 50 QE © 110 OE I} 55 OE@ 105 QE (i 60 OE IG: 100 
n well dope (e/ml) 1 E+17 3 I 0.5 0 0 O.Dl 176 0.01183 0.02458 0.02443 -0.06614 0.06554 0.2722 0.2782 
p substrate dope (him!) 1ET15 3 I -, 0 2 0.01175 0.01169 0.025 0.02521 0.06676 0.06918 0.277 0.2962 
reverse bias IV) 2 6 I 0.5 0 10 0.04582 0.0457 0.08806 0.08918 0.170€ 0.1705 0.3754 0.3831 
wiott, image elec (urn) 18 6 I i 0 12 0.04.352 0.04413 0.08738 0.08809 0.1685 0.1842 0.3918 0 .3919 
width subs; elec (um) 2 6 I 2 0 14 0.0<\21!? 0.04211 0.09102 0.08966 0.1807 0.1815 0.4071 0.4076 
PSE widrh (urn) 50 6 I 4 0 16 0.03762 I 0.03906 0.0899 0.09155 0.1852 0.1885 0.4233 0.4258 
Well width (urn) 20 12 I 0.5 0 20 0.1169 0.1179 0.1944 0.1944 0.303 0.3045 0.4548 0.4625 
12 I 1 0 22 0.1149 0.1248 01991 0.1983 0.3102 0.3067 0.4649 0.46St. 
12 I 2 G 24 0.1136 0.1196 0 .2006 0.1988 0.3i59 0.3184 0.4857 0.4852 
12 I 4 0 26 0.1052 0.1103 0.201 0.2026 0.3303 0.3321 0.5104 0.5158 
12 l a 0 28 0.09043 0.08976 0.2009 0.2025 0.3464 0.3483 0.5471 I 0.5493 
PDC = <S><W> : substrate depth = 3 x 2"(S): well depth= 0.5 x 2"(W/2) 
81-non-BTI-twin-control-1 electrode-nwell-array2&3 -633; Normalized QE and scanned OE dependence on Well and Substrate depth. 
SJPO PSE CENTRAL RESULTS No BTl: next IO SCR No 6TI : On SCR Expecied Maximum OE Max Normafaeo PSE boundary OE 
Dp subst Dpwell Dpbti PDC OE 0 6S 0€@95 OE 1:70 nOE 0 70 pOE 1': 60 OE 0 90 OE 0 80 nOE 0 80 pOE (I BO QE 81 NzOE e 55 Bl Nz OE e 105 
3 0 .5 0 0 0.5204 0.5207 0.7194 0.7194 -6.83E-07 0.7002 0.7503 0.7503 -3.54E-05 0.7571 0. 087359662 0.086567164 
3 1 0 2 0.5334 0.5232 0 .7299 0.7301 -1.57E-04 0.7174 0.7494 0.75 11 -1.71E-03 0.7569 0.088201876 0.091399128 
6 0.5 0 10 0.6348 0.6375 0.8522 0.8522 2.15E-06 0.8537 0.9367 0.9367 -6.29E-06 0.9367 0. 18212875 0.182021 992 
6 1 0 12 0.6528 0.6557 0.8671 0.8672 -4.96E-05 0.8686 0.9394 0.9398 -3.99E·04 0.9394 0.179369811 0,196082606 
6 2 0 14 0.6797 0.6858 0.8899 0.8914 -1.44E-Q3 0.8898 0.9305 0.9418 -1.13E-02 0.9306 0.194175801 0.195035461 
6 4 0 16 0.7098 0.7168 0.9145 0.9214 -6.91 E-03 0.9158 0.8635 0.9422 -5.87E-02 0.9158 0.202227561 0205830967 
12 0.5 0 20 0.6303 0.6418 0.7937 0.79!37 3.1 1E-06 0.794 0.9097 0.9097 2.64E-06 0 .9097 0.333076839 0.334725734 
12 1 0 22 0.6366 0.6571 0.8086 0.8086 -1 .44E-06 0.8109 0.9214 0.9214 -2.15E-05 0.9214 0.336661602 0.332863035 
12 2 0 24 0.6659 0.68 0.8344 0.8345 -8.74E-05 0.8339 0.9412 0.9418 -6.60E-04 0.9412 0.335635359 0.33829i:>43 
12 4 0 26 0.7113 0.7232 0.8821 0.8825 -4.24E-04 0.8647 0.9718 0.9752 -3.38E-03 0.9718 0.339884t5 0.341736983 
12 8 0 28 0.7829 0.7809 0.9597 0.9607 -1.01 E-03 0.9622 0.9807 0.9982 -1 .75E-02 0.9837 0.35213988 0.354071363 
PDC- <S><W> : substrate depth = 3 x 2"(S): well depth - 0.5 x 2"1W/2) 
Fl-non-BTi-!wir.-control-1 e.ecuc.ce-r.weil-srrzy2&3 -633; No~mc;lfzec QE c;nc sczr.nec QE dependence on Well anc Subsm:te deplh 
SJPD PSE SID;: IFSULTS 0U1Side 2nd e I J j On 2nd 8TI JOn PSE bour.dcry On 1st81l 
D~ subs: IDe welij Do bti PDC Ot: @45 IOE@115 OE@:::O !OE@110 QE (§;55 jOe@ 105 a~© so IOE@ lOG 
r: wei! dope ( :/riilj ;E · 17 ~ I 0.5 I 0 0 0.01173 I 0.01113 0.0241 I 0.02~24 J 0.05824 I 0.05817 0.2t55 I 0.272 
p S!.!bsu.c:t: dope (t-Jmn 1E-i5 3 I 1 I 0 2 0.01175 J 0.01162 0.0246 I 0.02509 0.059 I O.OEi 32 0.2601 l 0.2S 
r:SVEiSE: biS.S (Vj 2 E 
·1 0.5 I 0 10 0.04372 I 0.04392 O.Ot994 I 0.08075 01255 i 0.124<\ 0.3644 I 0.3144 
width im-cge elec ( urn} 1B 5 I 1 I 0 12 o.o<\ 1 sa 1 o.o4152 0.08036 I 0.07907 0.126 I 0.1255 0.3845 I 0.384 
width subst else (um) 2 E I 2 I 0 14 o.o4D47 I o.o3992 0.08192 0.08109 0.131 I 0.1303 0.3SS8 I 0.3555 
PSt. Wiatt, (wm) 50 E I 4 I 0 16 0.03606 I 0.03!38 0.08054 0.0822S 0.1345 I 0.1359 0.412-' I O.L18E 
Wei! wioth (Jmj 20 12 I 0.5 I 0 20 o.oso12 1 0.0904 0.1Li1 0.1-'1" 0. 1739 I 0.1735 0.4216 I 0.42iL 
12 I 1 I 0 22 o.o8622 I 0.08796 0.142€ 0.1402 0.1765 I 0.1763 0.4276 I 0.4316 
12 I 2 I 0 24 0.08197 I 0.0e12:0 0.143 I 0.1415 0.1826 I 0.1816 0.¥75 I 0.4457 
12 I 4 I 0 26 o.o7347 I 0.07473 0.1415 I O.i44 0.1893 I 0.1913 OAr11 I 0.4141 
12 I e I 0 26 0 .0546!: I 0.0€53 ' 0.139S I 0 1"15 0.1966 I 0.1993 o.~sse I 0.500B 
PDC = <S><W>: substrate deoth = 3 x 2"15): well depth- 0.5 x 2~·rvvl2) 
Fl-non-BTI-twin-control-1 electrode-nwell-array2&3 -633; Normalized OE and scanned QE dependence on Well and Substrate depth. 
SJPD PSE CENTRAL RESULTS No BTI:next to SCF. No BTl : On SCR Expected Maximum QE Max 
-
Normalized PSE boundary QE 
Dp subst Dp well Dpbti PDC QE ct 65 OE ll95 OE 070 nOE Cl 70 pOE@ 70 QE 0 90 OE C 80 nOE e 80 pOE (I BO QE fl Nz OE 1155 Fl NzOE@ 105 
3 0.5 0 0 0.5209 0 .5213 0.7353 0.7353 -1.08E-05 0.7265 0.7561 0.7562 -i.37 E-04 0.7603 0.076601342 0.076509273 
3 1 0 2 0.5298 0.5239 0.7327 0 .7334 -6.20E-04 0.7321 0.7483 0.7549 -6.63E-03 0.7518 0.078478319 0.081564248 
6 0.5 0 10 0.6404 0.646 0.8927 0.8927 -1.26E-05 0.8893 0 .9414 0.9416 -1.39E-04 0.9414 0.133312088 0.132143616 
6 1 0 12 0.656 0.6613 0.9025 0 .9033 -7.54E-04 0.9009 0.933 0.9393 -6.31E-03 0.9356 0.134672937 0.134138521 
6 2 0 14 0.686 0.6873 0.8997 0 .9182 ·1.85E·02 0.8972 0.7944 0 .9408 -1.47E-01 0.8997 0.14560409 0.144826053 
6 4 0 16 0.7136 0.7221 0.8698 0.9301 -6.03E-02 0.8721 0.5222 0.940t I-4.19E·01 0.8721 0.154225433 0.156977411 
12 0.5 0 20 0.6763 0.6777 0.92t9 0.9279 ·1.26E-05 0.9259 0.9868 0.9869 -1.42E-04 0.9868 0.176226186 0.175820835 
12 1 0 22 0.6883 0.6935 0.9379 0 .9387 -7.79E-04 0.9393 0.984 0.9903 -6.30E-03 0 .984 0.181402439 0.179166667 
12 2 0 24 0.7226 0.722 0.9421 0 .9606 ·1 .85E-02 0.9417 0.8477 0.9941 -1.46E-01 0.9421 0.193822312 0. 192760853 
12 4 0 26 0.7604 0.7624 0.9217 0.9813 -5.96E-02 0.9262 0.5799 0.9976 -4.18E-01 0.9262 0.204383502 0.206542863 
12 8 0 28 0.7976 0.7981 0 .9108 0.9948 -8.41 E·02 0.9231 0.3312 0.9986 -6.67E-01 0.9231 0.212978009 0.215902936 
PDC = <S><W>: subst rate depth = 3 x 2"(S): w ell depth = 0.5 x 2"(W/2) 
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APPENDIX II: RESULTS- SJPD 
§.!_MI total 20 SJPO pixel : Oeoletion laver or Space Charge Region (SCR) & non-SCR Absorption Volume Proportion fAVP) data(%) 
for 5 um laser over well wall (@ position 70). '· 
20 Bl pixel 20 Bl pixel 20 Bl pixel 20 Bl pixel 
Subst Well SCR AVP (%) non-SCR AVP (%) SCR AVP (%) non-SCR AVP (%) 
dept11 depth Bl over well wall Bl over well wall Bl over well wall Bl over well wall 
(um) (um) 5 um beam@ 70 5 um beam@ 70 5 um beam@ 70 5 um beam@ 70 
n dope_{e/ml) 1E+17 3 0.5 26.1608019 24.04500863 29.40487626 20.80093426 
-D dope (h/ml) 1E+15 3 1 31.69763752 18.50817301 30.31413826 19.89167227 
rev. bias (V) 2 6 0.5 13.02655927 62.17882768 29.40487626 45.80051069 
pixel width (um) 50 6 1 15.78358168 59.42180527 30.31413826 44 .89124869 
well width (um) 20 6 2 22.35877263 52.84661432 31.84433209 43.36105486 
laser width (um) 5 6 4 41.12059744 34.08478951 34.01849369 41 .18689326 
laser centre posn. 70 um 12 0.5 3.229884964 90.62238667 29.40487626 64.44739537 
12 1 3.913478004 89.93879363 30.314 13826 63.53813337 
12 2 5.543771157 88.30850048 31 .84433209 62.00793954 
12 4 10.1 9569302 83.65657862 34.01849369 59.83377795 
12 8 29.3872456 64.46502604 36.24245309 57.60981855 
Bl & Fl total 20 SJPO oixel : SCR & non-SCR region AVP data(%) for 5 um laser centred on the pixel's well (@ oosition 80). 
20 Bl pixel 20 Bl pixel 20 Fl pixel 20 Fl pixel 
Subs! Well SCR AVP (%} non-SCR AVP (%) SCR AVP (%) non-SCR AVP (%) 
depth depth Bl over well centre Bl over well centre Fl over well centre Fl over well centre 
(um) (um) 5 um beam@ 80 5 um beam @ 80 5 um beam@ 80 5 um beam@ 80 
n dope (e/ml) 1 E+17 3 0.5 30.60940336 19.59640717 31.71524004 18.49057049 
p dope (h/ml) 1E+15 3 1 34.38152108 15.82428945 28.2356494 21.97016113 
rev. bias (V) 2 6 0.5 15.2417043 59.96368265 31 .71524004 43.49014691 
pixel width (um) 50 6 1 17.11999975 58.0853872 28.2356494 46.96973755 
well width (um) 20 6 2 21.59952488 53.60586207 22.37985851 52.82552844 
laser width (um) 5 6 4 34.38152108 40.82386587 14.05971276 61.1456741 g 
laser centre posn. 80 urn 12 0.5 3.779121604 90.07315003 31 .71524004 62.13703159 
12 1 4.244837692 89.60743394 28.2356494 65.61662223 
12 2 5.355518614 88.49675302 22.37985851 71.47241313 
12 4 8.52476511 2 85.32750652 14.05971276 79.79255887 
12 8 21.59952488 72.25274676 5.548999319 88.30327232 
Bl & Fl total 20 SJPO oixel: SCR & non-SCR AVP data f%) for 50 um beam centred on the pixel(@ oosition 80). 
Total20 Bl pixel 1 otal 20 Bl pixel Tota120 Fl pixel Total20 Fl pixel 
Subst Well SCR AVP (%} non-SCR AVP (%) SCR AVP (%) non-SCR AVP (%) 
depth depth 50 um beam @ 80 50 um beam @ 80 50 um beam @ 80 50 um beam @ 80 
(um) (um) across pixel across pixel across pixel across pixel 
n dope (e/ml) 1E+17 3 0.5 14.41498139 35.79082914 15.39554727 34.81026326 
p dope (h/ml) 1E+15 3 1 16.65398383 33.5518267 14.53352247 35.67228806 
rev. bias (V) 2 6 0.5 7.177823144 68.0275638 15.39554727 59.80983968 
pixel width (um) 50 6 1 8.292716261 66.91267069 14.53352247 60.67186448 
well width (um) 20 6 2 10.95161199 64.25377496 13.08282397 62.12256298 
laser width (um) 50 6 4 18.53857581 56.66681114 11.02161257 64.18377438 
laser centre posn. 80 um 12 0.5 1. 77971347 4 92.07255816 15.39554727 78.45672437 
12 1 2.056146908 91.79612473 14.53352247 79.31874916 
12 2 2.715409816 91.13686182 13.08282397 80.76944766 
12 4 4.596568137 89.2557035 11.02161257 82.83065907 
12 8 12.35730658 81 .49496505 8.913190414 84.93908122 
!!L& Fl total30 SJPO pixel: SCR & non-SCR AVP data for 50 x 50 um beam centred on the 50 urn pitch pixel's well. 
Total 30 Bl pixel Total30 Bl pixel Total30 Fl pixel Total30 Fl pixel 
Subst Well SCR AVP (%) non-SCR AVP (%) SCR AVP (%) non-SCR AVP (%) 
depth depth 50 x 50 um beam 50 x 50 um beam 50 x 50 um beam 50 x 50 um beam 
(um) (um) across pixel across pixel across pixel across pixel 
n dope (e/ml) 1 E+1 7 3 0.5 6. 765878458 43.43993207 7.30203492 42.90377561 
P dope (h/ml) 1 E+1 5 3 1 7 .996579678 42.20923085 7.210560685 42.99524984 
rev. bias (V) 2 6 0.5 3.36901 4339 71.83637261 7.30203492 67.90335203 
.£ixel_pitch (um x um) 50 6 1 3.981832036 71 .22355491 7.210560685 67.99482626 
Well pitch (um x um) 20 6 2 5.44333389 69.76205306 7.056619014 68. 14876793 
laser pitch (um x um) 50 6 4 9.61362217 65.59176478 6.837892431 68.36749452 
...J.aser centre posn. 80 um 12 0.5 0.835334069 93.01693757 7.30203492 86.55023672 
12 1 0.987279846 92.86499179 7.210560685 86.64171095 
12 2 1 .349653575 92.50261806 7.056619014 86.79565262 
12 4 2.383660417 91.46861122 6.837892431 87.01437921 
12 8 6.649466522 87.20280511 6.614156053 87.23811558 
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81-BTI-twin-1 electrode-nwell-array2&3 -633; Normalized QE and scanned QE dependence on BTl, Well and Substrate depth. 
reverse Doping _(Eioc. widl11 (um) 
bias p-subst n-well tJ)~subsl n-well 
2 volts 1E•15 1E+17 I 2 6.4 
btl dope Depth (um) Outside 2nd BTl On 2nd BTl On PSE boundary On 1st BTl No BTl: next to SCR No BTl : On SCR Exroct Max, plus e and h OEs. Maximum PSE Boundary '" Nz OE ""'ow" PSE 
{h/ml) subsl. well btl POC DIPSEOE~<S OIPSEOEC]lll> OE@SO QE@110 OE@55 OEI!ll105 OE@60 OE@100 OE@65 OE@95 OE@7D nOE@70pOE@70 OE@90 OE@BD nOEI!lJOO pOE@SD PSEOE NtOE@55 Nt0E@ 105 %@55 % @ 105 
1E+15 · 3 0.5 0 0 1.176E-02 1.183E-02 0.02458 0.02443 0.06614 0.06554 0.2722 0 .2782 0.5204 0.5207 0.7194 0.7194 -6.83E-07 0.7002 0.7503 0.7503 -3.54E-05 0 .7571 8.736E-02 6.657E-02 - 14.045 -13.146 
1E+19 -. - 3- 0:S--o:5 0.1 7.752E-03 7.719E-03 0.01676 Q.O'i674 "D.ii'52Bso:o5'273 0.2710 0.2680 0.5310 0.5306 0.7197 0 .7197 3.34E-06 0.7135 0.7410 0.7410 3.34E-06 0.7490 7.057E-02 7.040E-02 -11 .196 -13.517 
1E+t9 -3-0:S-1- 0.2 6.678E-03 6.733E-03 0.01540 0.01539 0.04955 0.04924 0.2791 0.2803 0.5494 0.5482 0.7215 0.7215 3.34E-06 0.7144 0 .7428 0.7428 3.34E· 06 0.7517 6.592E-02 6.550E-02 I-:;4.7o5 ·13042 
1"E+i9 - 3-0:S -2- 0.3 3.515E-03 3.499E-03 D.Oi054 ~ 'ii:'6359a D.Ci3'56s D.308'5 D.:i695 ~ "'D.6i(i4 "D.'1324 Ci'T32i\3.34E-QG o:71'62 Q.7406 0. 7 406 3.34E-06 0. 7 4 21 4 .848E-02 4 .809E-02 -17.952 ~ 
1E+15 3 1 0 2 1.175E-02 1.169E-02 0.02500 0.02521 0.06676 0.06916 0 .2770 0.2962 0.5334 0.5232 0.7299 0.7301 -1.57E-04 0.7174 0.7494 0 .7511 ·1 .71E-03 0.7569 8.820E-02 9.140E-02 -12.390 -12.058 
1E+19 - 3- 1 - 1- 2.2 6.134E-03 6.089E-03 0.01460 0.01455 0.04919 0.04799 0.2824 0.2814 0 .5591 0.5564 0 .7272 o:72722.2QE:OG o:no5 0.7350 0 .7350 1.87E-06 0.7433 6.618E-02 6.456E-02 -11.430 -9.4049 
1E+i9 - 3 - --~- - -2- 2.3 3.334E-03 3.309E-03 0.01048 o:oi04o M3sii5CJ.036'4T "0:3124 "ii:3156 D.6i95D:Gi55 ()}332 0.7332 2.20E-06 0.7243 "iJ.73s7 0.7357 1.87E-06 0.7396 4.847E-02 4 .923E-02 -18.014 -1 5.447 
1 E+15 6 0.5 0 10 4.583E-02 4.570E-02 0.08806 0.08918 0 .17060 0.17050 0.3754 0.3831 0.6348 0.6375 0.6522 0.8522 2.15E-06 0.8537 0.9367 Q.9367 -6.29E-06 0.9367 1.821 E-01 1.82DE-01 -36.618 -37.746 
1E+19 6 0.5 o:-5 10.1 3.802E-02 3.782E-02 0.07445 0.07494 0.15270 0 .15270 I~ 0 .3731 0.6402 0.6370 0.8536 0.8536 3.34E-06 0.8532 0.9327 0.9327 3.34E-06 0 .9327 1.637E-01 1.637E-01 -41 .152 --=39.109 
1E+1 9 6 0.5 1 10.2 3.730E-02 3.746E-02 0 .07400 0 .07456 0 .15380 0.15260 0.3781 0.3619 0.6487 0.6504 0.8574 0 .8574 3.37E-06 0.8669 0.9414 0.9414 3 .37E-06 0.9414 1.634E-01 1.623E-01 -45.762 -42.933 
1E+19 1s0:S_ 2_ 10.3 3.445E-02 3.400E-02 0.07048 0 .07048 0.14750 0.1 4630 0.3918 ~ 0.6745 0.6720 0.8636 0 .8636 3.34E-06 0.8683 D.946J 0.9403 3.34E-06 0 .9403 1.569E-01 1.556E-01 -50.916 -49.597 
1E+i9 - 6- 0:S 4 10.4 2.005E·02 2.026E·02 0.05208 o:o524il o:11'69Q D.i"iG8o "ii:4220""0:4209 Q.7523 o:7509 Q.8962 "Q.ii9o2 3:36E-Q6 o:8931 0.9358 0.9358 3.36E-06 0.9376 1.247E-01 1.246E-01 -64.200 ~
1 E+15 6 1 0 12 4 .353E-02 4.413E-02 0.08738 0.08809 0.16650 0.18420 0.3918 0.3919 0.6528 0.6557 0.8671 0.8672 -4.96E-05 0.8686 0.9394 0.9398 -3.99E-04 0.9394 1.794E-01 1.961E·01 ·33.1 89 -46.179 
1E+19 - 6- ·1 - 1 12.2 3.558E-02 3.546E·02 0.07281 0.07307 0.15480 0. 1 5220 1~ 0.3838 0.6615 1 0.6599 0.8680 0 .8680 2.21E-06 0.8671 0.9354 0.9354 2.13E-06 0.9354 1.655E-01 1.627E-01 ·38.100 -37.245 1E+19 _ 6 __ 1 _ __ 2_ 12.3 3 .287E-02 3.307E-02 0.07007 0.07022 ~~ 0.3961 0.3979 0 .6852 0.6630 0.8856 0 .8656 2.25E-06 0.6771 0.9410 0.9410 2.19E-06 0.9410 1.582E-01 1.570E-01 -46.364 ~
1E+19 6 1 4 12.4 1.989E-02 1.961E·02 0.05356 0.05334 0.11740 0.12030 0.4258 0.4225 0 .7605 0.7581 0.9045 0.9045 2.21E-06 0.6960 0 .9357 0.9357 2.13E-06 0.9400 1.249E-01 1.280E-01 -54 .303 -56.312 
1 E+15 6 2 0 14 4.219E-02 4.211E-02 0.09102 0.08968 0.16070 0.18150 0.4071 0.4076 0.6797 0 .6658 0.8899 0.8914 ·1.44E-03 0.8896 0.9305 0.9418 -1.13E-02 0.9306 1.942E-01 1.950E-01 -33.359 -34 .669 
1E+19 6 2 2 14.3 3.091E-02 3.064E-02 0.07039 0.07012 0.16090 0.15140 ~ 0.4107 0.7084 0 .71 15 0.8940 ~ -1 .44E·04 0 .6955 0.9314 0.9331 -1.77E-03 0.9314 1.728E-01 1.626E-01 -43.975 -36.999 
1E+19 6 2 4 14.4 1.826E-02 1.750E-02 0.05296 0.05097 0 .11820 0.11760 0.4362 0.4345 0.7780 0.7764 0.9077 0.9076 -1.46E-04 0.9111 0.9314 0 .9331 -1.75E-03 0.9343 1.265E-01 1.261E-01 -53.011 -53.353 
1E+1 5 _ 6 __ 4_ 0 16 3.762E-02 3.906E·02 0.08990 0.09155 1~ 0 .16650 0.4233 0.4258 I 0.7096 0.7166 0.9145 0.9214 -6.91E-03 0 .9158 0.8635 0.9422 -5.67E-02 0.9156 2.022E·01 2.058E-01 -31.125 ~1E+19 6 4 4 16.4 1.566E-02 1.581E-02 0.05097 0.05166 0.12130 0.12140 0.4462 0.4461 0.7993 0.7973 0.9195 1~ -3.24E-03 0.9232 0.6951 0.9005 -5.36E-03 0.9232 1.314E-01 1.315E-01 -50.606 -53.696 
1 E+15 12 0.5 0 20 1.169E-01 '1.179E-01 0.19440 0. 19440 0.30300 0.30450 0.4546 0.4625 0.6303 0.6418 0.7937 0.7937 3.1 1 E-05 0.7940 0.9097 0.9097 2.64E-06 0.9097 3.331E·01 3.347E-01 -89.005 -90.379 
1E+19 12 0.5 o:-5 20.1 1.088E-01 1.100E-01 0.18370 0.18330 0.29030 0.29250 0.4521 0 .4516 I 0.6351 0.6379 0.7909 0 .7909 3.34E-06 0.7929 0.9064 0.9064 3.34E-06 0.9084 3.196E-01 3.220E-01 -99.405 -99.904 
1E+19 1_g_ 0.5 1 20.2 1.109E·01 1.120E-01 0.18360 0.18420 0.26860 0.29790 0.4578 0.4561 0.6447 0.6459 0.7961 0 .7961 3.37E-06 0.7990 0.9140 0.9140 3.37E-06 0.9140 3.156E·01 3.259E-01 -98.380 -103.74 1E+19 __g_1~ -2- 20.3 1.081E-01 1.131E-01 0.18410 0.18630 0.29190 0.29640 0.4606 0.4629 l--o.ti9'J 0.6480 0.8058 0.8058 3.34E-06 0.8024 0.9136 0.9136 3.34E-06 0.9136 3.195E-01 3.244E-01 ·111.73 · 114.85 1E+19 __g_~ 4 20.4 1.056E-01 1.059E-01 0.16040 0. 17910 0.30010 0.29360 0.4603 0.4763 0 .6719 0.6749 0.6214 0.6214 3.34E-06 0.8202 0.9257 0.9257 3.34E-06 0.9257 3.242E-01 3.172E-01 -143.39 -139.57lj 
1E+19 12 0.5 8 20.5 7.231E·02 7.187E-02 0.14410 0.14460 0.25720 0.25630 0.5023 0.5039 0.7546 0.7532 0.6733 0.6733 3.36E-06 0.6730 0.9466 0.9466 3.36E-06 0.9466 2.717E-01 2.70BE-01 -186.91 ·187 41 
1E+15 12 1 0 22 1.149E-01 1.248E·01 0.19910 0.19830 0.31020 0.30670 0.4649 0.4694 0 .6366 0.6577 0.8086 0.8086 -1.44E-06 0.8109 0.9214 0.9214 -2.15E-05 0.9214 3.367E-01 3.329E-01 -85.586 -65.784J 
1E+19 12 1 1 22.2 1.083E-01 1.086E-01 0.18310 0.18780 0.29290 0.29720 0.4495 0.4606 ~ 0 .6498 0.8048 ~ 2.21E-06 0.6076 0 .9200 0.9200 2.20E-06 0.9200 3.184E-01 3 .230E-01 -90.790 ~~ 
1E+19 12 1 2 22.3 1.101E·01 1.109E-01 0.16540 0.18180 0.30370 0.29550 0.4748 0.4661 0.6527 0.6580 0 .8013 0.8013 2.25E-06 0.8155 0.9225 0 .9225 2.25E-06 0.9225 3.292E·01 3.203E-01 ·104.82 -100.17 
1E+19 - 1-2 - 1-"1 _ 4_ 22.4 1.034E-01 1.054E·01 0.17880 0.17980 0 .30030 0.29520 0.4832 0.4832 0.6791 0.6827 0.8261 0.6261 2.21E-06 0.8330 0.9313 0.9313 2.21 E-06 0.9313 3.225E-01 3.170E-01 -132.84 ~ 
1E+19_ -12- 1 -8- 22.5 6.982E-02 7.065E-02 0.14200 ~"il.25'65o'~ "ii:5o4S 0:S0S0 D.7601 D:T595 "i5:8794 "i5:8794 ~ D.ii"794 "Q.9522 0.9522 2.27E-06 0.9522 2.694E-01 2.724E-01 -179.33 -180.58 
1E+15 12 2 0 24 1.136E-01 1.196E-01 0.20060 0.19680 0 .31590 0.31840 0.4857 0.4852 0.6659 0.6800 0.8344 0.6345 -6.74E-05 0 .6339 0.941 2 0 .9418 -6.60E-04 0.9412 3.356E-01 3 .383E-01 -73.167 -75.498 
I~ 12 2 2 24.3 1.068E-01 1.092E-01 0.18570 Ci':'i6970 ~ 0.30710 0.4803 0.4856 ~ 0.6829 0.8399 0.6399 -7.91E-06 0.8409 0.9427 0 .9428 -1.05E-04 0.9427 3.223E-01 3.258E-01 ·91.688 -96.407 
1E+19 12 2 4 24.4 9.983E-02 9.962E-02 0.18060 0.18030 0.30280 0.30100 0.4953 0.4973 0.7054 0.7043 0.8525 0.6525 -8.38E-06 0.8537 0.9486 0.9487 -9.13E-05 0.9486 3.192E-01 3.173E-01 -121.88 ·119.15 
1E+15 12 4 0 26 1.052E-01 1.103E-01 0.20100 0.20280 0.33030 0.33210 0.5104 0.5158 0.7113 0.7232 0.8821 0.8825 -4 .24E-04 0.8847 0.9718 0.9752 -3.38E·03 0.9718 3.399E·01 3.417E-01 -66.30 -65.46 
1E+19 1'2' -4- --4- 26.4 9.357E-02 9.219E-02 0.18080 0.17990 0.31400 0.31100 0.5207 0 .5211 0.7424 0.7401 0.8946 0 .6948 -2.20E-04 0.6949 0.9747 0.9750 -3.06E-04 0 .9747 3.222E-01 3.191E-01 -108.46 ·105.38 
PDC = <S><W> .<B>; Substrate depth = 3 x 2/\(S); Well depth = 0.5 x 2A(W/2); BTl depth = 0.25 x 2A(B); if 8 = 0 then BTl depth= 0. 
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BI-BTI-twin-1 electrode-nwell-array2&3 -633 ; Normalized QE and scanned QE dependence on BTl, Well and Substrate depth. 
reverse Doping Elec. width (um) For illumination ~os itions in the neighbouring PSE to just before the central PSE well wall. 
bias p-suhsl __ j _ n-well p-subsl n-weU 
2 volts IE+ I S L 1E+17 2 6.4 
btl dope Depth (um) Outside 2nd BTl On 2nd BTl On PSE boundary On 1st BTl No BTl : neX11o SCR 
(h/ml) subs I. well btl PDC OE @45 nOE@ 45 pOE@ 45 OE liP 115 OE@ 50. nOE @50 pOE @ SO OE@ 110 OE @55 nOE@ 55 pOE@ 55 OE@ 105 OE @60 nOE @ 60 pOE@ 60 QE @ 100 QE @65 nQE @65 pOE@ 65 OE@ 95 
1Et15 3 0.5 0 0 1.176E-02 1.176E-02 3.161E-06 1.163E-02 0.02456 0.02457 3.161E-06 0.02443 0.0661 4 0.06613 3.161E-06 0.06554 0.2722 0.2722 3.161E-06 0.2782 0.5204 0.5204 3.161E-06 0.5207 
1E+19 -3-o:s o:s 0.1 7.752E-03 7.748E-03 3.344E-06 7.719E-03 0.01676 0.01676 3.344E-06 0.01674 0.05286 0.05286 3.344E-06 0.05273 0.2710 0.2710 3.344E-06 0.2680 0.5310 0.5310 3.344E-06 0.5306 
1E+1 9 - 3- o:s - 1- 0.2 6.676E-03 6.674E-03 3.343E-06 6.733E-03 0.01540 0.01540 3.343E-06 0.01539 0 .04955 0.04955 3.343E-06 0.04924 0.2791 D:2791 3.343E-OG 0 .2603 o:5494 0.5494 3.343E-OG 0.5482 
1E+19 I~ o:s 2 0.3 3.515E-03 3.512E-03 3.338E-06 3.499E-03 0.01054 0.01053 3.338E-06 0.01048 0.03598 0.03597 3.338E-06 0.03569 0.3066 0.3066 3.336E-06 0.3095 0.6096- 0.6096 3.336E-OG 0.6104 
1E+15 3 1 0 2 1.175E-02 1.175E-02 1.660E-06 1.169E-02 0.02500 0.02499 1.860E-06 0.02521 0.06676 0.06676 1.860E-06 0.06918 0.2770 0.2769 1.859E-06 0.2962 0.5334 0.5334 1.859E-06 0.5232 
1E+19 - 3- - 1- 1 2.2 6.134E-03 6.132E-03 2.212E-06 6.069E-03 0.01460 0.01459 2.212E-06 0.01 455 0":"04919 0.04919 2.212E-06 0.04799 0.2824 0.2824 2.211 E-06 0.281 4 0.5591 0.5591 2.211 E-06 0.5564 
1E+19 -3--,- -2- 2.3 3.334E-03 3 .331E-03 2.207E-06 3 .309E-03 0.01048 0.01048 2.207E-06 0.01040 0.03585 0.03585 2.207E-06 0.03641 D.3124 0.3124 2.207E-06 0.3156 0.6195 0.6195 2.207E-OG 0.6155 
1E+15 6 0.5 0 10 4.563E-02 4.562E-02 3.171E-06 4.570E-02 0.06606 0.06606 3.171E-06 0.08916 0.17060 0.17060 3.171E-06 0.17050 0.3754 0.3754 3.171E-06 0.3831 0.6348 0.6348 3.171E-OG 0.6375 
1E+19 -6-o:s o:s 10.1 3.802E-02 3.802E-02 3.338E-06 3.782E-02 0.07445 0.07445 3.338E-06 0 .07494 D.i5270 0 .15270 3.338E-OG 0.15270 0.3727 0.3727 3.338E-06 0.3731 0.6402 0.6402 3.338E-06 0.6370 
1E+19 -6-o:s 1 10.2 3.730E-02 3.729E-02 3 .365E-06 3.746E-02 0.07400 0.07400 3.365E-OG 0.07456 0.15380 0.15380 3.36_5E-06 0.15280 0.3781 0.3781 3.365E-06 0.3819 0.6487 0.6487 3.365E-06 0.6504 
1E+19 - 6- o:s '---z- 10.3 3.445E-02 3.445E-02 3.340E-06 3.400E-02 0.07048 0.07048 3.340E-06 0.07048 D:""i4750 0.14750 3.340E-06 0.14630 0.3918 0.3918 3.340E-06 0.3914 0.6745 0.6745 3.339E-06 0.6720 
1E+19 -6-o:s ~ 10.4 2.005E-02 2.004E-02 3.356E-06 2.026E-02 0.05206 0 .05208 3.356E-06 0.05246 0. 11690 0.11690 3.356E-06 0.11680 0.4220 0.4220 3.356E-06 0.4209 0.7523 0.7523 3.356E-06 0.7509 
1E+15 6 1 0 12 4.353E-02 4.353E-02 1.866E-06 4.413E-02 0.08736 0.08738 1.866E-06 0.08809 0.16850 0.16850 1.866E-06 0.18420 0.391 8 0.391 8 1.866E-06 0.3919 0.6528 0 .6528 1.866E-06 0.6557 
1E+19 I~ - 1- - 1- 12.2 3.558E-02 3.557E-02 2.208E-06 3.546E-02 0.07281 0.07280 2.208E-06 0.07307 0 .15460 0.15480 2.208E-06 0.15220 0.3638 0.3638 2.208E-06 0.3838 0.6615 0.6615 2.208E-06 0.6599 1E+19 6 1 - 2- 12.3 3. 267E-02 3.287E-02 2.248E-06 3.307E-02 0.07007 0.07007 2.248E-06 0.07022 0.14890 0.14890 2.248E-06 0.14770 0.3961 0.3961 2.248E-06 0.3979 0.6852 0.6852 2.247E-06 0.6830 
1E+19 - 6- - 1- - 4- 12:4 ~ 1.988E-02 2.209E-06 1.981 E-02 0.05356 0.05356 2.209E-06 0.05334 o:1i740 0.11740 2.209E-06 0.12030 0 .4258 0 .4258 2.209E-06 0.4225 0.7605 0.7605 2.209E-06 0.758 1 
1E+15 6 2 0 14 4.219E-02 4.21 9E-02 2.961E-07 4.211 E-02 0.09102 0.0910 2 2.961E-07 0.06968 0.18070 0.10070 2.960E-07 0.18150 0.4071 0.4071 2.960E-07 0.4076 0.6797 0.6797 2 .960E-07 0.6858 
1E+19 ·-s- - 2- - 2- 14.3 3.091E-02 3.091E-02 3.724E-07 3 .064E-02 0.07039 0.07039 3.724E-07 0.07012 0.16090 0.16090 3.724E-07 0.151 40 0.4046 0.4046 3.724E-07 0.4107 0.7084 0.7084 3.724E-07 0.7115 
1E+19 -6- - 2- - 4 - 14.4 1.028E-02 1.828E-02 3.745E-07 1.750E-02 0.05296 0.05296 3.745E-07 0 .05097 0.11 820 0 .11820 3.745E-07 0. 11 780 0.4382 0.4382 3.744E-07 0.4345 I 0 .7780 0 .7780 3.744E-07 0.7764 
1E+1 5 6 4 0 16 3.762E-02 3.762E-02 1.076E-07 3.906E-02 0.06990 0.08990 1.076E-07 0.09155 0.18520 0.18520 1.076E-07 0 .18850 0.4233 0.4 233 1.076E-07 0.4258 0.7098 0.7098 1.076E-07 0.7168 
1E+19 6 4 4 16.4 1.566E-02 1.566E-02 1.574E-07 1.581E-02 0.05097 0.05097 1.574E-07 0.05166 0.12130 0.12130 1.574E-07 0.12140 0.4462 0.4462 1.574E-07 0.4461 0.7993 0.7993 1.574E~07 0.7973 
1E+1 5 12 0.5 0 20 1.169E-01 1.1 69E-01 3.171E-06 1.179E-01 0.19440 0 .1 9440 3.171 E-OG 0.19440 0 .30300 0.30300 3.171E-06 0.30450 0 .4548 0.4548 3.171E-06 0.4625 0.6303 0.6303 3.171 E-06 0.641 8 
1E+19 _1_2_ o:s o:s 20.1 1.088E-01 1.088E-01 3.337E-06 1.100E-01 0.18370 0.1 8370 3.337E·06 0 .1 8330 0.29030 0.29030 3.337E-06 0.29250 0.4521 0.4521 3.337E-06 0.4516 0.6351 0.6351 3.337E-06 0.6379 
1E+19 _1_2_ o:s - ,- 20.2 1.109E-01 1.109E-01 3.372E-06 1.120E-01 0.18360 0.1 8360 3.372E-06 0 .18420 0.28860 0.28860 3.372E-06 0.29790 0.4578 0.4578 3.372E-06 0.4561 0.6447 0.6447 3.372E-06 0.6459 
1E+19 _1_2_ o:s -2- 20.3 1.061E-01 1.081E-01 3.338E-06 1.131E-01 0 .184 10 0. 184 10 3.338E-06 0.18630 0.29190 0.29190 3.338E-06 0.29640 0 .4606 0 .4606 3.338E-06 0.4629 o:6493 0.6493 3.337E-OG 0.6480 
. 1E+19 
I __g._ o:s - 4- 20.4 1.056E-01 1.056E-01 3.344E-06 1.059E-01 0.18040 0.18040 3.344E-06 0.17910 0.30010 0.30010 3.344E-06 0.29360 0.4803 0.4803 3.344E-06 0.4763 0.6719 0.6719 3.343E-06 0.6749 1E+i9 12 o:s - 8- 20.5 7.231E-02 7.230E-02 3.356E-06 7.187E-02 0.1 441 0 0.14410 3.356E-06 0.14460 0.25720 0.25720 3.356E-06 0.25630 0.5023 0.5023 3.356E-06 0.5039 0.7546 0.7546 3.356E-06 0.7532 
1E+15 12 1 0 22 1.149E-01 1.149E-01 1.866E-06 1.248E-01 0.19910 0. 19910 1.866E-06 0.19830 0.31020 0.31020 1.866E-06 0.30670 0 .4649 0 .4649 1.866E-06 0.4694 0.6366 I~ 1.866E-06 0.6577 1E+19 _ 1_2_ - .- 1- - 1- 22.2 1.083E-01 1.083E-01 2.206E-06 1.086E-01 0.1831 0 0.1 8310 2.208E-06 0.18780 0.29290 0.29290 2 .208E-06 0.29720 0 .4495 0.4495 2.208E-06 0.4608 0.6509 0.6509 . 2.208E-06 0.6498 
1E+19 I __g._ -1- - 2- 22.3 1.101E-01 1.101E-01 2.252E-06 1.109E-01 0.18540 0.1 8540 2.252E-06 0.18160 0.30370 0.30370 2.252E-06 0.29550 0.4748 0.4748 2.252E-06 0.4681 0.6527 0.6527 2.252E-06 0.6580 
1E+19 12 - 1-- 4- 22.4 1.034E-01 1.034E-01 2.210E-06 1.054E-01 0.17880 0.17880 2.210E-06 0.17980 0.30030 0.30030 2.210E-06 0.29520 0.4832 0.4832 2.210E-06 0.4832 0.6791 0.6791 2.210E-06 0.6827 
1E+19 12 1 8 22.5 6.982E-02 6.982E-02 2.276E-06 7.065E-02 0.14200 0.14200 2.276E-06 0.14430 0.25650 0.25650 2.276E-06 0.25940 0.5045 0.5045 2.276E-06 0.5050 0.7601 0.7601 2.276E-06 0.7595 
1E+15 12 2 0 24 1.136E-01 1.136E-01 2.960E-07 1.196E-01 0.20060 0.20060 2.960E-07 0.19860 0.31590 0.31590 2.960E-07 0.31840 0.4857 0.4857 2.960E-07 0.4652 0.6659 0.6659 2.960E-07 0.6800 
1E+19 _ 1_2 _ - 2- - 2- 24.3 1.068E-01 1.068E-01 3.752E-07 1.092E-01 0.16570 0.18570 3.752E-07 0 .18970 0.30380 0.30380 3.752E-07 0.30710 Ci:4603 0.4803 3.752E-07 0.4856 0.6793 0.6793 3.752E-07 0.6829 
1E+19 _ 1_2 _ -2- - 4- 24.4 9.9B3E-02 9.983E-02 3.767E-07 9.962E-02 0.18060 0.18060 3.767E-07 0.18030 0.30280 0.30280 3.767E-07 0.30100 0.4953 0.4953 3.767E-07 0.4973 0.7054 0.7054 3.767E-07 0. 7043 
1E+15 12 I~ 0 26 1.052E-01 1.052E-01 1.089E-07 1.103E-01 0.20100 0.20100 1.089E-07 0.20280 0.33030 0.33030 1.089E-07 0.33210 0.5104 0.5104 1.089E-07 0.5158 0.7113 0.7113 1.089E-07 0.7232 1E+19 _ 1_2_ 4 -4- 26.4 9.357E-02 9.357E-02 1.451E-07 9.219E-02 0.18080 0.18080 1.451E-07 0.17990 0.31400 0.31400 1.451E-07 0.31100 0.5207 0.5207 1.451E-07 0.5211 0 . 7424 0.7424 1.451E-07 0.7401 
PDC = <S><W>.<B>; Substrate de~th = 3 x 2"'(S); Well depth= 0.5 x 2"'(W/2}"; BTl de~th = 0.25 x 2"' (B); if B = 0 then BTl de~th = 0. 
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FI-BTI-twin-1 electrode-nwell-array2&3 -633; Normalized QE and scanned QE dependence on BTl, Well and Substrate depth. 
teverl"& Doping IEioc. widlh (um) 
bias p-subst n-well IP·Subsl n-well 
2 volts IE+I5 1E+17 2 6.4 
bli dopo Oeplh (urn) Outside 2nd BTl On 2nd BTl On PSE boundary On 1st BTl No BTl : next to SC No Bn: On SCR Expect Ml!l>:lmum, plus~; and h' OE!:i, Ma)(imum PSE Boundary % Nt OE below 81 PSE. 
(hlml) subst. well bti POC OE@ 45 OE0115 OE@ 50 OE@ 110 OE@ 55 OE @ 105 OE It 80 OE It 100 OE 0 65 oe 095 OE@ 70 nOE @70 pOE@ 70 OE@ 90 OE o eo nOE (I 80 pOE@ 80 PSEOE r•h:OE <'t55 f'l tOE OIOS •!.@ 55 % @ t05 
1E+J5 3 0.5 0 0 1.17E·02 1.17E·02 0 .02410 0.02424 0.05824 0.05817 0.2766 0 .2720 ~ 0.5213 0 .7353 0.7353 · 1.00E-05 0.7265 0.7561 0.7562 -1 .37E-04 0.7603 7.66E-02 7.65E-02 89.791 I 89.803 1E-i-19 - 3-D.5 o:s OT 7.75E-03 7.70E-03 0.01641 0.01639 0.04769 0.04660 0.2695 0.2708 0.5313 0 .5304 0.7370 0.7370 3.34E-06 0 .7216 0.7453 0.7453 3.34E-06 0.7514 6.;l5E-02 6.20E-02 91.435 I 91.631 
1E+19 -3-D.5 - 1- 0.2 6.70E-03 6.65E-03 'Q.01501 0.01503 0.04306 0.04342 0.2784 0.2775 0.5493 0.551 1 0.7385 0.7385 3.34E-06 0.7252 0.7443 0.7443 3.34E-06 0 .7493 5.75E-02 5.79E-02 92.263 92. 199 
1E+19 -3-D.5 -2-Q.3 3.50E-03 3.46E-03 0.01023 0.01014 0.03073 0.03088 1Q.3i01 0.3079 0.6170 0.6 t24 0 .7476 0.7475 3.34E-06 0.7322 0 7450 0.7450 3.34E-06 0 .7476 4. 11 E-02 4. 13E-02 94.45 94.423 
1E+15 3 1 0 2 1.18E-02 1. 16E-02 0.02460 0 .02509 0.05900 0.06132 0.2801 0.2900 0.5290 0.5239 0 .7327 0 .7334 -6.20E-04 0.7321 0 .7483 0.7549 ·6.63E-03 0.7518 7.85E-02 8. 16E-02 89.528 89.141 
1E+19 -3- -1--1-2:2 6. 13E-03 6.07E-03 0.01419 0.01418 0.04418 0.04390 0.2816 0.2815 0.5602 0.5597 0.7410 0.7410 2. 19E-06 0.7208 0.7387 0.7307 1.14E-06 0 .7439 5.94E-02 5.90E-02 91':92 91.971 
1E+19 -_-3- - 1- -2- 2.3 3.31E-03 3.26E-03 0.01018 0.01001 0.03062 0.03179 0.3126 0.3122 0.6251 0 .6217 0 .7455 0.7455 2.10E-06 0.7330 0.7378 0.7378 1.14E-06 0.7455 4.11E-02 4.26E-02 94.4 17 94.204 
1 E+15 6 0.5 0 10 4.37E-02 4.39E-02 0.07994 0.08079 0. 12550 0.12440 0.3644 0 .3744 0.6404 0.6460 0.8927 0.8927 ·1 .26E·05 0.8893 0.9414 0.941 6 ·1.39E-04 0.9414 1.33E-01 1.32E-01 85.768 85.893 
1E+19 -6- 0.5 0.5 1(),'1 3.64E·02 3.62E-02 D.666i2 0.06600 0.10890 0. 11050 0.3640 0 .3659 0.6481 0.6465 0.8977 0.8977 3.34E-06 0.0882 0.9309 0 .9389 3.34E-06 0.9389 1.16E-01 1.18E-01 187:564 87.382 
1E+19 6 I~ ~ 10.2 3.55E-02 3.55E·02 0.06517 0.06577 I~ 0 .10700 I~ 0.3764 0.6604 0.6608 0.9005 0.9005 3.37E·06 0 .8991 0.9386 0 .9386 3.36E-06 0.9493 1.12E-01 1,14E·01 88.094 87.937 1E+19 -6- 0.5 -2- ~ 3.19E·02 3.17E-02 ·~ 0.06064 0.09836 0.09842 0.3816 0.3819 0.6805 0.6913 0.9043 0.9043 3.34E-06 0.9000 0.9393 0 .9393 3.34E-06 0.9463 1.04E-01 1 .04E·01 88.946 88.939 1E+19 -6-D.5 -4- ""i().4 1.77E-02 1.77E-02 0.04269 0.04277 0.07190 0.07259 0.4131 0.4137 0.7788 0.7741 0.9194 0.9194 3.36E·06 0 .9119 0.9395 0.9395 3.35E-06 0.9469 7.59E-02 7.67E-02 91.886 91.808 
1E+15 6 1 0 . 12 4.19E-02 4.19E·02 0.00036 0.07907 0.12600 0.12550 0.3845 0.3840 0.6580 0.6613 0.9025 0.9033 -7.54E-04 0.9009 0.9330 0.9393 -6.31E-03 0.9356 1.35E-01 1.34E-01 85.664 85.727 
1E+19 6 ~ 1 12.2 3.37E-02 3.34E-02 0.06439 0.06400 0.11250 0.11130 0.3747 0.3762 0.6730 0.6725 0.9073 0.9073 2.18E-06 0 .8997 0 .9361 0.9361 1.22E-06 0.9388 1.20E-01 1.19E-01 87,189 87.326 
1E+19 -6- -1-· ~ 12.3 3 .04E-02 3.02E·02 0.06046 0.06005 ~ 0.10450 0.3870 0.3866 0.7060 0.7033 0.9114 0.9114 2.23E-06 0.9041 0 .9387 0.9387 1.51E-06 0.9592 1.08E-01 1.09E-01 88.511 88.422 1E+19 -1-4--- 12.4 1.75E-02 1.72E-02 0.04318 0.04323 0.07715 0.4174 0.4145 0.7031 0.7818 0.9329 0.9329 2.18E-06 0.9150 0 .9372 0.9372 1.23E-06 6 0 .07627 0.9423 8.09E-02 8.19E-02 91 .35 91 .25 
1E+15 6 2 0 14 4.05E-02 3 .99E-02 0.08192 0.08109 0.13100 0.13030 0.3980 0.3959 0.6860 0 .6073 0.8997 0.9182 ·1 .85E-02 0.8972 0.7944 0.9406 -1.47E-01 0.8997 1.46E-01 1.45E-01 84.352 84.622 
1E+19 -6- 2 2 14.3 2.83E-02 2.80E-02 0.06039 0.05992 0.11040 0.10760 0.4042 0.4027 0.7277 0.7310 0.9201 0.9216 -1.56E·03 0.9154 0.9137 0.9322 -1.84E-02 0.9201 1.20E-01 1.17E-01 87.1.18 87.467 
1E+19 -6-- 2- - 4- 14:'4 1.57E-02 1.50E-02 0.04229 0.04118 0.07672 0 .07629 0 .4267 D.42s9 0 .7998 0.8005 0.9279 0.9294 ·1.53E-03 0.9215 0.9146 :o:9329 -1.82E-02 0.9279 8.27E-02 8.22E-02 91.123 91 .189 
1E+15 6 4 0 16 3 .61E-02 3.74E-02 0.08094 0.08229 0.13450 0. 13690 0.41 24 0.4166 0.7136 0.7221 0.8698 0.9301 ·6.03E·02 0.8721 0.5222 0.9407 -4.19E-01 0.8721 1.54E-01 1.57E-01 82.544 83.339 
1E+19 ---s 4 - 4- 16.4 1.33E·02 1.33E-02 I~ 0.041 50 0.07951 0.07808 0.4370 0.4404 0.8221 0.8199 0.9126 0.9342 ·2.16E-02 'Q.ii896 0.8759 0.8993 ·2.34E-02 0.9126 8.71E-02 8.56E-02 90.266 90.499 
1E+15 12 0.5 0 20 9.01E·02 9.04E-02 0.141 10 0. 14140 0.17390 0.17350 0.42 t 6 0.4214 0.6763 0.6777 0.9279 0.9279 ·1 .26E·05 0.9259 0.9066 0.9869 ·1.42E-04 0.9868 1.76E-01 1.76E-01 00.628 60.673 
1E+19 _ 1_2 _ o:s o:s ToT 6.30E-02 8.27E-02 0.12700 0.12720 0.15810 0.15890 0.4096 0.4110 0.6786 0.6777 0.9289 0.9289 3.34E-06 0.9242 0.9865 0.9864 3 .34E·06 0.9865 1.60E-01 1.61 E-01 82.350 82.268 
1E+19 _ 1_2 _ o:s -1- 20.2 8.25E-02 8.26E-02 0 .12690 0.12750 0.15740 0.15820 0.4155 0.4157 0.6891 0.6901 0.9320 0 .9320 3.37E-OG 0.9297 0.9989 0.9889 3.37E·06 0.9889 1.59E-01 1.60E-01 92.586 82.497 
1E+19 _ 1_2_ D.5 - 2- 20.3 6. 10E-02 8.08E-02 0.12380 ~ 0.14900 0.14910 0.4216 0.421 9 D.7i24 0.7110 0.9358 0.9358 3.34E-06 0.9299 0.9874 0.9874 3.34E-06 0 .9874 1.51E-01 1.51E-01 83.483 83.472 1E+19 12 o:s 4 20.4 7. 19E·02 6.97E·02 0.11200 0.11020 0.13200 0.13120 0.4444 0.4407 0.7736 0.7667 0.9444 0.9444 3.34E-06 0.9396 0.9910 0.9910 3.34E-06 0.9910 1.33E·01 1.32E-01 85.(31 1 85.698 
1E+19 12 0.5 - 8- 20.5 3.94E·02 3.83E·02 0.07556 0.07479 0.09333 0.09349 0.4743 0.4744 0.0683 0.6641 0.9604 0.9684 3.36E·06 0.9624 0.9924 0.9924 3.35E-06 0.9924 9.40E·02 9.42E-02 90.065 90.048 
1E+15 12 1 0 22 8.82E·02 8.80E-02 0.14260 0.14020 0 .17850 0.17630 0.4376 0 .4316 0.6083 0.6935 0.9379 0.9387 -7.79E-04 0.9393 0.9840 0.9903 ·6.30E-03 0.9840 1.81E·01 1.79E-01 00.312 80.555 
1E+19 12 ~ - 1- 22.2 7.88E·02 7.83E·02 -~ 0.12460 0.16510 0.16410 0.4202 0 .4203 0.7024 0.7010 0.9420 0.9420 2. 18E-06 0.9389 0.9694 0.9894 1.22E-06 0.9894 1.67E·01 1.66E-01 81.862 81.972 1E+19 ~ 1 2 22.3 7.76E-02 7.72E-02 0.12370 0.121 40 0.15900 0.15830 0.4314 0.4287 0.7301 0.7270 0.9464 0.9464 2.23E-06 0.9428 0.9892 0.9892 1.56E-06 0.9892 1.61 E-01 1.60E·01 82.576 82.653 1E+19 12 -1- - 4- 22.4 6 .81E-02 6.83E-02 'Q.i0896 0.10920 0. 13720 0 .13770 0.4468 0.4461 I~ 0.7797 0.9546 0.9546 2. 19E-06 0.9506 0.9907 0.9907 1.23E-06 0.9907 1.38E-01 1.39E-01 85.13 85.075 1E+19 12 ~ 8 22.5 3.65E-02 3.68E-02 0.07233 0.07173 0.09583 0.09648 0 .4813 0.4765 0.8733 0.8729 0.9709 0.9709 2.26E-06 0.9687 0.9937 0.9937 1.67E·06 0 .9937 9.64E-02 9.71E-02 89.872 89.803 
1E+15 12 2 0 24 8.20E·02 8.13E-02 0 .14300 0.14190 0.18260 0.18160 0.4475 0.4457 0.7226 0.7220 0.9421 0 .9606 ·1.85E-02 0.9417 0.8477 0.9941 ·1.46E-01 0.9421 1.94E-01 1.93E·01 79.407 79.533 
1E+19 12 2 2 24.3 7.20E-02 6.99E-02 0.1 2190 0 .12090 0.16390 0.16170 0.4462 0.4439 lo:7595 0.7550 0.9634 0.9649 -1.51E-03 0.9596 0.9749 I~ -1.84E-02 0.9749 1.68E-01 1.66E-01 82.166 82 .407 1E+19 12 -2- 4 24.4 6.25E-02 6.11 E-02 0.10820 0.10790 0.14030 0.14120 '0:46o.i 0.4600 0.8078 1Q.Bo52 0.9681 0.9696 -1.54E-03 0.9650 0.9752 0.9936 -1.84E·02 0.9752 1.44E-01 1.45E·01 84.834 84.738 
1E+15 12 4 0 26 7.35E-02 7.47E-02 I~ 0.14400 0.18930 0.19130 0.4711 0.4741 0.7604 0.7624 0.9217 I~ -5.96E-02 0.9262 0.5799 !~ -4.18E-01 0 .9262 2.04E-01 2.07E-01 78.969 78.82 1E+19 1 2 - 4--4- 26.4 5.22E-02 5.10E-02 0.10510 0.10420 0.15010 0.15090 0.4824 0 .4833 0.8467 0.8425 0.9567 0.9864 ·2.97E-02 0 .9445 0.9713 0 .9947 ·2.34E-02 0.9713 1.55E-01 1.55E·01 84.145 84.066 
PDC = <S><W>.<B>; Substrate depth = 3 x 2 11(S); Well depth = 0.5 x 2 11(W/2); BTl depth = 0.25 x 2 11 (B); if B = 0 then BTl depth = 0. 
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FI -BTI-twin-1electrode-nwell-array2&3 -633; Normalized QE and scanned QE dependence on BTl, Well and Substrate depth. 
reverse Doping Etec. width (um} For illumination ~ositions in the neighbouring PSE to just before the central PSE well wa ll. 
bias p-subst l n-well p-subsl n-well 
2 volts 1E+15 I 1E+17 2 6.4 
bli dope Depth (um) Outside 2nd BTl On 2nd BTl On PSE boundary On 1st BTl No BTl : next to SCR 
(h/ml) sub st. well bU PDC OE@45 nQE@ 45 pOE(!!! 45 OE@115 OE@50 nOI?@ 50 pQE (!!!50 OE@110 QE@55 nQE @ 55 pOE@ 55 QE@ 105 QE@60 nQE@60 pOE@ 60 OE @ IOO OE@65 nQE@ 65 pOE @65 QE@'95 
1E+15 3 0 .5 0 0 1.173E-02 1.173E-02 3.161E-06 1.173E-02 0.02410 0.02410 3.161E-06 0.02424 0.05824 0.05824 3.161E-06 0.05817 0.2766 0.2765 3.161E-06 0.2720 0.5209 0.5209 3.161 E-06 0 .5213 
1E+19 3 0.5 0.5 0.1 7.748E-03 7.745E-03 3.344E-06 7.698E·03 0.01641 0.01641 3.344E-06 0.01639 0.04769 0.04768 3.344E-06 0.04660 0.2695 0.2695 3.344E-06 0.2708 0.5313 0.5313 3.344E-06 0.5304 
1E+19 3 
--o:-5 - 1- 0.2 6.695E-03 6.692E-03 3.343E-06 6.649E-03 0.01501 0.01501 3.343E-06 0 .01503 0.04306 0.04306 3.343E-06 0.04342 0.2704 0.2704 3.343E-06 0 .2775 0 .5493 0.5493 3.343E-06 0.55 11 
1E+19 3 --o:-5 2 0.3 3.497E-03 3.493E-03 3.338E·06 3.463E-03 0.01023 0.01022 3.336E-06 0 .01014 0.03073 0.03073 3.338E-06 0.03088 0.3101 0.3101 3.338E-06 0.3079 0.6170 0.6170 3 .338 E-06 0.6124 
1E+15 3 1 0 2 1.175E-02 1.174E-02 1.660E-06 1.162E-02 0.02460 0.02460 1.660E-06 0.02509 0.05900 0.05900 1.860E-06 0.06132 0.2801 0.2801 1.659E-06 0.2900 0 .5298 0.5297 1.859E-06 0.5239 
1E+19 3 1 1 2.2 6.125E-03 6.123E-03 2.212E-06 6.071E-03 0.01419 0.01419 2.212E-06 0.01416 0.04416 0.04416 2.212E-06 0.04390 0.2616 0.2615 2.211E-06 0.2615 0.5602 0.5602 2.211E-06 0 .5597 
1E+19 3 1 2 2.3 3.312E-03 3.310E-03 2.207E-06 3.261 E-03 0.01018 0.01018 2.207E-06 0.01001 0.03062 0.03062 2.207E-06 0.03179 0.3126 0.3126 2.207E-06 0.3122 0.6251 0.6251 2.207E-06 0.6217 
1 E+15 6 0.5 0 10 4.372E-02 4.371 E-02 3.171E-06 4. 392E-02 0 .07994 0.07993 3 .171E-06 0.06079 0.12550 0.12550 3.171 E-06 0 .12440 0.3644 0.3644 3.171E-06 0.3744 0.6404 0 .6404 3.17 1 E-06 0 .6460 
1E+19 6 0.5 0.5 10.1 3.637E-02 3.637 E-02 3.336E-06 3.616E-02 0.06612 0.06612 3.338E-06 0.06600 0 .10690 0.10690 3.336E-06 0.1 1050 0 .3640 0.3640 3.336E-06 0.3659 0.6481 0.6481 3.338E-06 0.6465 
1E+19 6 0 .5 1 10.2 3.554E-02 3.553E-02 3.365E-06 3.549E-02 0.06517 0 .06517 3.365E-06 0.06577 0 .10640 0.10640 3.365E-06 0.10780 0 .3697 0.3697 3.365E-06 0.3764 0.6604 0 .6604 3.365E-06 0.6608 
1E+19 6 l_g.,.;__ 2 10.3 3.186E-02 3 .186E-02 3.340E-06 3.168E-02 0.06084 0 .06084 3.340E-06 0.06064 0 .09836 0 .09835 3.340E-06 0 .09842 0 .3816 0.3816 3.340E·06 0 .3819 0.6885 0.6885 3.339E-06 0.6913 
1E+19 -6- 0.5 4 10.4 1.773E-02 1.773E-02 3.356E-06 1.774E-02 0.04269 0.04268 3.356E-06 0.04277 0.07190 0.07189 3.356E-06 O.U7259 0.4131 0.4131 3.356E-06 0.4137 0.7786 0.7788 3.356E-06 0.7741 
1E+15 6 1 0 12 4.188E-02 4. 188E-02 1.866E-06 4.192E-02 0.08036 0.08035 1.866E-06 0 .07907 0.12600 0. 12600 1.866E-06 0.12550 0.3845 0 .3845 1.866E-06 0.3840 0.6580 0.6580 1.866E-06 0 .6613 
1E+19 6 1 1 12.2 3.367E·02 3.367E-02 2.208E-06 3.339E-02 0.06439 0.06439 2.208E·06 0.06400 0.11250 0.11250 2.208E-06 0.11130 o:3'747 0 .3747 2 .208E-06 0.3762 0.6738 0.6738 2.208 E-06 0.6725 
1E+19 6 1 2 12.3 3.042E-02 3.042E-02 2.248E-06 3.016E-02 0 .06046 0.06046 2.248E-06 0.06005 0.10370 0.10370 2.248E-06 0.10450 0.3870 0 .3870 2.248E-06 0.3866 0.7060 0.7060 2.247E-06 0 .7033 
1E+19 6 1 4 12.4 1.746E-02 1.746E-02 2 .209E-06 1.720E-02 0 .04318 0.04318 2.209E-06 0.04323 0.07627 0.07626 2 .209E-06 0.07715 0.4174 0.4174 2.209E-06 0 .4145 0.7831 0.7831 2.209E-06 0.7818 
1E+1 5 6 2 0 14 4.047E-02 4.047E-02 2.961E-07 3.992E-02 0.08192 0.06192 2.961E-07 0.08109 0.13100 0.13100 2.961E-07 0.13030 0.3988 0.3988 2.960E-07 0.3959 0.6860 0.6860 2.960 E-,07 0.6873 
1E+19 6 ~- 2 14.3 2.827E-02 2.827E-02 3.724E-07 2.804E-02 0.06039 0.06039 3.724E-07 0.05992 0. 11 040 0.11040 3.724E-07 0.10760 0.4042 0.4042 3.724E-07 0.4027 0.7277 0.7277 3.724E-07 0.731 0 1E+19 6 2 4 14.4 1.567E-02 1.567E-02 3.74 5E-07 1.502E-02 0.04229 0.04229 3.745E-07 0.041 18 0.07672 0.07672 3.745E-07 0.07629 0.4267 0.4267 3 .744E-07 0.4259 0.7998 0 .7998 3.744E-07 0.8005 
1E+15 + 4 0 16 3.606E-02 3.606E-02 1.076E-07 3.738E-02 0.08094 0.08094 1.076E-07 0.08229 0.13450 0 .13450 1.076 E-07 0.13690 0.4124 0.4124 1.076E-07 0.4186 0 .7136 0.7 136 1.076 E"07 0.7221 1E+19 6 4 4 16.4 1.327E-02 1.327E-02 1.574E-07 1.329E-02 0.04064 0 .04064 1.574E-07 0 .04150 0.07951 0.07 951 1.574 E-07 0.07808 0.4370 0.4370 1.574E-07 0.44 04 0 .8221 0 .8221 1.574E-07 0.8199 
1E+15 12 0 .5 0 20 9.012E-02 9.012E-02 3.171E-06 9.040E-02 0.14110 0.14110 3.171 E-06 0.14140 0.17390 0 .17390 3.171E-OG 0.17350 0 .4216 0.4216 3.171E-06 0.4214 0.6763 0 .6763 3. 171E-06 0.6777 
1E+19 12 o.s ---o.s 20.1 8.295E-02 8.294E-02 3.337E-06 8.272E-02 0.12700 0.12700 3.337E-06 0 .12720 0. 15810 0.15810 3.337E-06 0.15890 0.4096 0.4096 3.337E-06 0.41 10 0.6786 0.6786 3 .337E-06 0.6777 
1E+19 12 0.5 1 20.2 8 .247E-02 8.247E-02 3.372E-06 8.255E-02 0.12690 0.12690 3.372E-06 0 .12750 0.15740 0.15740 3.372E-06 0.15820 0.4 155 0.4 155 3 .372E-06 0.4157 0.6891 0.6891 3 .37~E-06 0 .6901 
1E+19 12 ---o.s 2 20.3 8. 102E-02 8.1 02E-02 3.338E-06 8.078E-02 0.12380 0.12380 3.338E-06 0 .12370 0.14900 0.14900 3.338E-06 0.14910 0.4216 0 .4216 3.338E-06 0 .4219 0 .7124 0.7124 3 .3 37 E-06 0.71 10 
1E+19 12 
--o:-5 4 20.4 7.194E-02 7.194E-02 3.344E-06 6 .972E-02 0.11200 0.11200 3.344E-06 0.11020 0.13200 0.13200 3.344E-06 0.13120 0.4444 0 .4444 3.344E-06 0.4407 0.7736 0.7735 3.343E-06 0.7667 
1E+19 12 0 .5 8 20.5 3 .935E-02 3.934E-02 3.356E-06 3.830E-02 0.07556 0.07556 3.356E-06 0.07479 0.09333 0.09333 3.356E-06 0.09349 0.4743 0.4743 3.356E-06 0.4744 0.8683 0.8682 3.356E-06 0.8641 
1E+15 12 1 0 22 6.822E-02 8.822E-02 1.866E-06 8.796E-02 0.14260 0.14260 1.866E-06 0.14020 0.17850 0.17650 1.866E-06 0.17630 0.4376 0.4376 1.866E-06 0.4316 0.6883 0.6883 1.866 E-06 0.6935 
1E+1 9 12 - 1- 1 22.2 7.682E-02 7.882E-02 2.206E-06 7.832E-02 0 .1 2460 0.12460 2 .208E-06 0.12460 0. 16510 0.16510 2.208E-06 0.164 10 0.4202 0.4202 2.208E-06 0.4203 0.7024 0.7024 2.208 E-06 0.7018 
1E+19 12 1 2 22.3 7.764E-02 7.764E-02 2.252E-06 7.717E-02 0.12370 0.12370 2 .252E-06 0.12140 0.15900 0.15900 2.252E-06 0. 15830 0.4314 0.4314 2.252E-06 0.4287 0.7301 0.7301 2.252E-06 0 .7270 
1E+19 12 1 4 22.4 6.812E-02 6.812E-02 2 .210E-06 6.829E-02 0.10890 0.10880 2.210E-06 0.10920 0.13720 0.13720 2.210E-06 0.13770 0.4468 0.4468 2.21 0E-06 0.4461 0.7811 0.7811 2.210E-06 0.7797 
1E+19 12 1 6 22.5 3.648E-02 3.648E-02 2.276E-06 3.683E-02 0 .07233 0.07233 2.27 6E-06 0.07173 0 .09583 0.09583 2.276E-06 0.09648 0.4813 0.4813 2.276E-06 0.4765 0.8733 0.8733 2.276E-06 0 .8729 
1E+15 12 2 0 24 8.197E-02 6.197E-02 2.960E-07 8.125E-02 0.14300 0.14300 2.960E-07 0.14190 0.18260 0.18260 2.960E-07 0.18160 0.4475 0.4475 2.960E-07 0.4457 0.7226 0.7226 2.960E-07 0 .7220 
1E+19 12 2 2 24.3 7.200E-02 7 .200E-02 3.752E-07 6.993E-02 0."12190 0.12190 3.752E-07 0.12090 0.16390 0 .16390 3.752E-07 0.16170 0.4462 0.4462 3.752E-07 0.4439 0.7595 0.7595 3.752E-07 0.7550 
1E+19 12 I~ 4 24.4 6 .24 5E-02 6.245E-02 3.767E-07 6.113E-02 0.10820 0.10620 3.767 E-07 0.10790 0.14030 0.14030 3.767E-07 0.14120 0.4604 0.4604 3.767E-07 0.4600 0.8078 0.8078 3.767E-07 0.8052 
1E+15 12 ~ 0 26 7 .347E-02 7.347E-02 1.089E-07 7.473E-02 0.14150 0.14150 1.089E-07 0 .14400 0.18930 0 .18930 1.089E-07 0.19130 0.471 1 0.4711 1.089E-07 0.4 741 0.7604 0.7 604 1.08 9E-07 0.7624 1E+19 12 4 - 4- 26.4 5.216E-02 5.216E-02 1.451 E-07 5.100E-02 0.10510 0.10510 1.451E-07 0 .10420 0.15010 0.1 5010 1.451 E-07 0.15090 0.4824 0.4824 1.451 E-07 0.4833 0.8467 0.8467 J1.4 51E-07 0.8425 ~ 0 
PDC = <S><W>.<B>; Substrate depth= 3 x 2A(S); Well depth= 0.5 x 2A(W/2); BTl depth= 0.25 X 2"(B) ; if B = 0 then BTl depth= 0. 
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81-BTI -twin-1 electrode-nwell-array2&3 -633; Suppression and enhancement rat io dependence o n BTl, Well and Substrate depth. 
reverse Elec, wldlh (um) 
bias p..subst In-well Suppression Ratio (SR) =control / statistic; Enhancement Ratio (ER) = statistic I cont ro l; ER rat io (ERR)= ratio given. 
2 volts I tE•ts l tE+I1 1 2 I 6.4 SR ratio (SRR) = ratiQ_given. 
bll dop; SR I SRR I SR i SRR I SR I SRR I SR ., SRR I SR i SRR I SR j SRR I ER I ERR l ER j ERR I ER ERR l ER ERR I ER j ERR l ER j ERR I ER j ERR I ER j ERR 
(h/mf) at45 451'5 at1t5j45/115 alSO, 45150 at110 _1151110 ' at55_L<~_•t105 l 1t51105~~/6(}_ a1_1_00_j601100 a165 65160 at95 95/100 at 70 170160 at90 \901100 atBO i 80160 atMax lmaX/60 E~ ma~too· 
1 n~7 
v . .,o54 1 
0.8811 
1 E+151 3 I 0.51 0 I 0 1 1 1 1 : 1 1 1 1 ' 1 1 : 1 1 I 1 1 ' 1 1 : 1 1 : 1 1 : 1 1 : 1 1 I 1 1 I 1 I I 1 
1E+1 9 3 0.5 0.5 0.1 1.517-1- 1 .533!~ 1.467j1.034 1 .459~ 1.251 ! 1.212 1.243 1 1.233 0.996 1 1 0.963j 1.033 1.02 j1 .025 1.01911.058 1 ·j1.0ci5 1.019j1 .058 0.988 10.992 0 .989!0.994 •.v• 
1E+19 3 0.5 1 0.2 1.761 1 1.757 1 1.002 1.596 11.103 1.587 1.107 1,33511.319 1.331 1.32 1.0 25! 1 1.008 11.018 1.05611 .03 1.05311 .045 1,003'0.978 1.02 11 .013 0.99!0.966 0.99310.968 nn. 
1E+19 - 3- 0.S -2- o:3 3.346 -1- 3.381! 0.99 2.332, 1.435 2.331l'"1.451.836l 1.82 1.836 , 1.841 1.1341 1 1.113!1.019 1.112!1.034 1.172; 1.054 1.01810.898 1.02310.919 0.987 j 0.871 0.98 : 0.865 
·~SI 1E+1 51 3 11 I 0 I 2 1 1 Ll._ 1 i 1 1 1 I 1 1 I 1 1 1 : 1 1 i 1 ]11 i 1 11 i 1 1 1 L!_~ 1 1 1 I 1 1 I 1 1 1 i 1 11 l 1 1E+19 - 3 1 1 2.2 1.91'61 1 "'1.92io.998 1.112! 1.11 9'1.733 1.108 '1.357i'1:4i'1 _1.442! 1.332 1 .o_ 1_ 9~Cl.95j1.0731.6'481 .028 1.063 j 1.1'19D.996jo.977 1.0041 1.057 o.9s1io.962 o:982jD.963 ~-~~ 
1E+19 3 1 2 2.3 3.524: 1 3.533:0.998 2.385: 1.477 2.424,1.457 1.862 J1.893 _1~9_jj,859 1.128j 1 1.065j1.058 1.161 1.03 1.176 :1.104 1.00510.891 1.01 !0.948 0.982:0.87 0.977:0.866 
1E+19 6 0 .5 0.5 10.1 1.205j 1 1.208 I 0.998 1.183 1.019 ~[1.015 1 117 11 .0791.117'1 1.082 0.993! 1 0.974 11 .019 1.0091~ 0.999 I 1.026 1 .002_11~ 1.009 0.999: 1.026 0.996! 1.003 0.996 ·"1.003 ··-· 1E+15 6 0.5 ~ 10 1 i 1 1 I 1 1 1 1 i 1 1 I 1 1 I 1 - 1 i 1 1 ! 1 1 : 1 1 i 1 1 I 1 1 ! 1 1 I 1 1 i 1 
1E+19 _6_~_1_ ~ 1.2291 1 1.22 1.001 1.19 1.033 1.1961 1.02 1 . 109_~~~ 1.093 1.001 1 1 o.997j1 .01 f.022_j~ 1.o2j1.023 1.oo6 o.999 1.015: 1.019 1.005To.998 1.oo5l o.998 ·--
1E+1 9 6 0.5 2 10.3 1.33J 1 1.344 1 0.99 1.24911.065[~_ 1.062 1 . 157: 1 .. 15 .. 1.16511 . 153 1.044. 1 1.022 : 1.022 1.063 !1 .018 1.054:1.032 1.013! 0.971 1.017 ! 0.996 1.004
1
:0.962 1.004,0.962 
1E+19 - 6-0.S 4 1().4 2.2861_ 1_ 2.256 .1':013 1.691! 1.352 [_1.7_L 1.327 1.459 \ 1.566 1.46 1_1.545 1.124!-_- 1- 1.099! 1.023 1.1851 1.054 1.178 i 1.012 1.045 i 0.929 1.04610.952 0.999 0.889 1.0011 0.89 
1 
.. n"'1"68 
u~~ 0 .9282 
1E+151_ 6_ 1_ 1_1_o_I_!LI__1_j1 ,-:-1---1-1 1- 1 l 1 1 ! 1 1 j_ 1_ ~~ 1 1 1 1 T1 - ~-1 _ __!,....l_1 ~. 1 - -1-1 -1 ~_1 
1E+19 _ 6 _ _ 1 __ 1_ ~ 1.2231_1_~! 0.983 1.2 :1.019 1.206! 1.032 1.08911.124 1.21 j 1.028 0.98! 1 ~-1-l~-1 .034 1.006 :1 .028 1.001 i 1.022 0.998j 1.019 0.996~~ 0.996,1.016 · ·-· 
1E+1 9 _ 6 __ 1 __ 2_~ 1.324 _ 1_ 1.334: 0,992 1 . 247~~ 1.254 j 1.064 1.132 '...1.:22_ 1.247~ 1.011;_ 1_ 1.01510.996 1__1_,0 5_j1 .038 1.042 ' 1.026 1.021j1.01 1.01 10.995 1.002 j0.991 1.002j0.9fl1 ---
1E+1 9 6 1 4 12.4 2.189 1 2.228 :0.982 1.631:1.341 1.651 : 1.349 1.435 1.525 1.53111.455 1.087: 1 1.0781Loo8 1.165 : 1.072 1.15611.072 1.043 :0.96 1.034 10.959 0.99610.917 1.001: 0 .921 
1 
"0033 1E+15I 6 I 2 I o l 14 ! 1 1 1 l 1 • 1 l 1 : 1 l1 , 1 ~ ~ 1 l___2____j 1 ll1 ~ 1 l 1 ~ 1 I 1 : 1 l1 '· 1 I 1 : 1 1 : 1 l 1 ~~ 1 : 1 1E+19 6 2 2 14.3 ~j_1_d~ 1.293,1.0561.279 1.075 1 .215 -1--:199! 1.146 0.994 j 1 1.00810.986 1.042J1.049~~~~~~~~ 1.001! 1007 1.001!1.007 - ·--
1E+19 6 2 4 14.4 2.3081 1 2.40610.959 1.719! 1.343 1.759 1.368 1.529:1 .51 1.54111 .562 '1.0761 1 1.0661 1.01 1.14511.063 1.13211 .062 1.02 : 0.948 1.02410.961 1.0011 0.93 1.0041 0.933 --u.~'l18 
1 
0.9622 
1E+151 6 I 4 I 0 I 16 I 1 i 1 1 ! \ 
1 E+19 ---si41_4_ 16.4 2.402 1 1.008! 0.956 
1 1E+15 _1_2_~ 5 2b ~ 1 -- 1 : --~ -~ 1 -~~~ 1 1 I 1 1 I 1 ~ 1 1 ! 1 1 ' 1 I I 1 1 I 1 1 I 1. ~ 1 1 i 1 
1E+19 _12_~~-. 20.1 1.0741....1._ 1.072! 1.002 1.058~~ 1.061 i~~1.02. 9ifi.041 1.03 0.994J_1_ 0.97611.018 1.008!~ 0.994j 1.018 0.996~~ 0 .999J 1.023 0.999~~ 0.999 ! 1.005 ··-1E+19_1_2_~_._1_ 20.2 t .054T 1 1.053j1.001 1.05910.9961.055 0.997 1.05; 1.004 1.022 1.03 1.0071_ 1_ 0.986 1.021 1.023J1.016 1.0061 1.021 1.003 ! 0.996 1.0061 1.02 1.005j0.998 1.00510.998 ·-
1E+19 _ 1_2_ 0.5 _ 2_ 20.3 1.081 1 1 1.042 : 1.037 1.05611.024 1.043 j 0.999 1.038J1 .042 1.027 1.015 1.0131 1 1.001 ,1 .012 1.03 ;1 .017 1.01j1.009 ~1.002 ~ 1.01 1.004:0.992 1.004 \6.992 
1E+19 ....!3._~_4_ 20.4 1.1071 1 1.113 ' 0.994 ~ 1.027 1.085 1 1.026 1.01 I 1.096 1 .037~ 1.056 1 1 1.03 11.025 1.06611.009 1.052~ 1.035!~~ 1.003 1.01810.964 1.018, 0.964 
1E+19 12 0.5 8 20.5 1.6171 1 1.64 ! 0.985 1.3491 1.198 1.344 ! 1.22 1. 178! 1.372 _1.18_8! 1.381 1.104 \ 1 1.09 J 1.014 1.197 j 1.084 1.174 11.077 1.1 j 0.996 1.099 ! 1.009 1.041 j0.942 1.041 i 0.942 
. 
l.Ul71 1 
1-Ti- 1! 1 1 .j~ 1! 1 1 i 1 1 i •1 . 
1.022 j 1.057 0.988 I 1.006 0.995 ! 1.029 D.99si1.015 0.998 I 1.033 0.998 i 1.033 . -. 
1.025! 1.004 1 i 1.003 0.991 I 0.97 1.006 i 1.008 1.001 i 0.98 1.001 ' 0.98 1.004 
1'\ 0 819 
u.~606 
1.067 j .1 ... o2s 1.03.8j1.ooa 1.022 ' 0.983 1.021! 0.998 1.01 1 ; o.972 1.011 1 o .972 ::·:: 
1.194 ,1.1 1.15511.073 1.088 1.002 1.08411.008 1.033:0.952 1.033!0.952 
1 
1.0008 
0.9833 
1 E+15,~2 2 I 0 1 24 1 1 i 1 1 : 1 I~ 1 1 i 1 l _1_[ 1 1 i 1 111 I 1 11 i 1 1 1 i 1 1 l 1 1 1 : 1 11 ! 1 1 1 I 1 1 i 1 1 E+19 - 12---2---2- 24.3 1.064 : 1 1.095 \ 0 .971 1.08 I 0.985 1.0481"'i'::451:0411 .023 1.037 : 1.056 0.989 ~-1 - 1.001 0 .988 "1.iJ2'11.032 1.004 I 1.003 1.007 1.018 1.0081 1.008 1.002 1.013 1.0021 1.01 3 
1E+19 12 - 2---4- · 24 .4 1.1381 1 1.201 ! 0 .948 1.11 111 .0241 .1 0311 .089 1.0431 .0911.05811':135TD2!- 1-1.025 !o.99S 1.o5sl 1.o391.03Gi'T.Oi11.0221.002 1.024Io.999 1.0o8!o.9881.0o8!o.9B8 
1E+1 51 12 ' 4 I 0 I 26 I 1 I 1 I 1 : 1 I 1 : 1 I~ 1 I 1 i 1 1 I 1 II~ ' ___!_! 1 i 1 I 1 ; 1 1 i 1 I 1 I 1 I 1 ; 1 I 1 : 1 I 1 I 1 
1E+19_1_2_41_4_ 26:"4 1.124' 11.196! o.94 1.11211.011 1.1271To61 1.os211 .os~ uJ_s~j 1.1211_1_._o?_i _ 1_ r1.ii1i1.01 1.o44 11.o23 1.6231 1.o13 1.01410.994 1.012 ! 1.oo1 TOo31o983TOo31o.983 --1 u.,92B 
PDC = <S><W>.<B>; Substrate depth = 3 x 2"(S); W ell depth = 0.5 x 2"(W/2); BTl depth = 0.25 x 2"(B); if B = 0 then BTl depth = 0. 
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Fl-BTI-twin-1 electrode-nwell-array2&3 -633 ; Suppression and enhancement ratio dependence on BTl, Well and Substrate depth. 
reverse I Doping Etoc. width (um) 
---,---
hies p-subst I n-well lp-subst In-well 
2 valls 1E• 15 I 1E•I7 1 2 I 6.4 
Suppression Ratio (SR) =control / s ta tis tic; Enhancement Ratio (ER) =statistic I control; ER ratio (ERR)= ratio given 
SR ratio (SRR) =ratio qiven. 
bll dop_e Depth (um) SR ! SRR SR i SRR SR j SRR SR j SRR SR i SRR SR i SRR ER j ERR ER j ERR ER j ERR ER j ERR ER j ERR ER j ERR ER j ERR ER I ERR ERR 
{hlml) subs!. woll bti PDC · at45 14S / 45 at115 J45/115 atSO J 45150 at110i1151110 at55145155 attOSI115/105 at60j60160 at100j60/100 atGS I GS/60 at95•95/100 at70I70/60 al901901100 ateole0/60 a\Max !max/60 max/100 
1E;.1S 3 0.5 0 0 !Hili 1 ~ 1 1 I 1 1 ~ 1 ' 1 1 i 1 1 -~ 1 cl~ 1 I 1 1 I 1 1 I 1 1 ' 1 1 , 1 1 J 1 1 
1E+19 3 o.5 o.5 o.1 1.514 1 1.524 o.9935 1.469T1.0311.479j1.0303 1.221rd4 1.2481 1.2207 o.974 l_1_ o.99~~ 1.02,1.047 "1.01?l 1.o22 1.00211.029 o.9e31o.998 0.986 11 .012 0.98811 .014 0.9927 
1E+19 3 0.5 1 0,2 1.752 1 1.764 10.9931 1.606! 1.091 1.613 1.0939 1 .353j~ 1.34 11 .3168 1.007 1____,--- 1.02 10.987 1.055 1.048 1.057j 1.036 1.004j0.998 0.99810.978 0.98410.978 0.98610.979 0.966 
1E+19_3_0:S_2_ ---o.:l 3.354-1 - 1- '3:Js7!o.9903 2.35611 .424 2.39111 .4 169 1.89ST 1.77 1.88411 .7981 T.i21i-1-1.132 1 0.99 1.184j 1.057 1.175t1.038 1.01710.907 1.008· 0.89 "'6:9851o.879 o.983lo.a77 o.a6B6 
1 E+15 3 1 0 2 1 ! 1 1 i 1 1 i 1 1 I 1 1 I 1 1 I 1 1 1 1 1 • 1 1 1 1 1 1 1 1 ! 1 1 1 1 1 1 1 1 1 1 1 
1E+19 3 1 1 ~ 1.918! 1 1.91411 .0023 1.73411.107 1.769!1.0817 1.33ST 1.436 1.397[1.3703 1.005t_1_ 0.971 j1 .036 1.057J1.052 1.068juo~ 1.011!1.006 0.99511.026 ~0.982 o.969io.984 1.0194 
1E+19 3 1 2 2.3 3.5481 1 3.563 j0.9956 2.417j1.466 2.506J1.4216 1.92711.641 1.929!1 .8473 1.116! 1 1.077!1.037 1.16 j 1.057 1.167! 1.102 1.01710.912 1.00110.93 0.986J0.883 0.992!0.689 0.9211 
1 E+1s_6_~_o __ 1_o _ _!_] 1 1 · 1 1 · 1 __!_i 1 1 1 1 1 ~_1_!_1 _ _!_] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ~~ 1 1 1 , 
1E+19 _6_~~ ~ 1.2021--1- 1.215!0.9897 1.209 ! 0.994 1.22410.9922 1.152j1 .043 1.126! 1.0769 0.999j_1_ 0.977_1_1.022 1.012! 1.013 1.00111 .024 1.0 6~ 0.999 ~ 1.022 0.997 ! 0.996 ~ 0.998 1.0205 
1E+19 _6_~ _ 1_ ~ 1.23 _ 1_ 1.238 i 0.994 1.22711 .003 1.2261 1.0075 _!J.Q-i 1.043 1.154 J1.0724 1.015 I 1 1.00511.009 1.031 I 1.016 1.023 1.017 1.009 1' 0.994 ..lQ.!!., 1.006 0.997 I 0.983 1.008 i 0.994 1.003 
1E+19 _ 6_ 0.5 _2_ 10.3 1.372 I 1 1.386 t 0.9898 ~ 1.044 1.3321 1.0406 1.276 : 1.075 1.264 :1 .0968 1.047 i 1 1.02 11 .027 1.075j 1.027 1.07 i 1.049 1.013 0.967 1 012 I 0.992 0.998 I 0.953 1.005 I 0.96 0 .9855 
1E+19 6 1-o.5 4 10.4 2.4661 1 2.476 0 .996 1.873l"t3i71.86911 .3107 1.745t1 .413 1.714 11 .4447 1.134: 1 1.10511 .026 1.21611 .073 1.198 11.084 1.o3lo.9o6 1.025Io.928~!· o.68 1.006 0.887 0.9103[ 
~-6 __ 1 ___ 0 __ 1_2_ 1 I 1 1 1 1 I 1 1 ~ 1 I 1 1 I 1 ~-1-~_1 _ ___!_j_1 __ 1_~ 1 I 1 1 I 1 1 I 1 ___l_i 1 1 I 
1E+19_6 __ 1 ___ 1 ~ 1.244 ,_1_11.255 0.9907 1.248!0.997 1 .235 j 1 .0162~~~ 1.128j1.1134 0 .975j 1 0.98 0 .9951.024 11.051 1.0171 1.038 1.005!1.032 0.999!1.019~ 1.03 1.003! 1.03 1.0242 1 1E+19 _ 6 _ _ 1 ___ 2_~ 1.377.~~~ 0.9905 1.32911.036 1.317 i1 ,0556 1.215j~ 1.201j1.1573 1.007_j __ 1_ 1.007 ~ ~ 1.066 1.06411.056 1.01 11.003 1.0041 0.997 ~-1- 1.02511 .019 1.0183 
1 E<-19 6 1 4 12.4 2.399' 1 2.437 I 0.9842 1.861 I 1.269 1.629 1,3325 1.652 1.452 1.62711.4983 1,0861 1 1,079 1,006 1.19 I 1.096 1,102 I 1.095 1.0341 0.952 1.016 I 0.941 1.005 I 0.925 1.007 I 0.928 0.9331 
1E+1S _6 __ 2 ___ o _ _ 1_4 ___ 1 _ _!__1 __ 1_ j_ 1 __ 1_[_2__1 __ 1 __ 1 __ 1 __ 1_1_ 1 __ 1_ J_ 1 __ 1_•_1 __ 1_J_1 __ 1_ j_1 __ 1_ 1 1 1 1 1 _ 1_· 1 1 i 1 1 
1E+19 _ 6 __ 2 ___ 2 _ ~ 1.432j_ 1_ 1.424 j 1.0055 1.357j 1.055 1.353 1.052 1.187 1.206 1.21 1 I 1.1757 1.01 4 i 1 1.011! 0.996 1.061j1.047 ~f 1.046 1.023! 1'.009 1.02 I 1.003 1.15 ·j1:135 1.023 11.009 1.0054 
1E+19 6 2 4 14.4 2.583 , 1 2.658;0.9717 1.937,1.333 1.969 1.3497 1.708,1.513 1.708!1 .5561 1.07 I 1 1.07610.995 1.166: 1.09 1.16511 .083 1.031!0.964 1.02710.955 1,1 5111 .076 1.0311 0.964 0.9587 
1 E+15 6 4 0 16 ___!_]_ 1 1 I 1 1 I 1 1 1 1 : 1 1 I 1 1 I 1 1 : 1 1 ' 1 1 : 1 :~- 1 1 : 1 ___!_] 1 1 I 1 1 
1E+19 -6--4- - 4-1ST 2.7171 1 2.813! 0.9661 1.992! 1.364 1.983j1 .4185 1.692! 1.606 T.75311 .6042 1.06 ~-1-1.052\1.007 1.15211.067 1 .135~ 1.079 1.0491 0.99 1.02 j 0.97 1.677J1.583 1.04610.986 0.9946 
1E+15 12 ~-0- 20 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 : 1 1 ~__!_j 1 1 I 1 __!_j_ 1 _ _ 1_1_1 __ 1_~_1_J 1 1 : 1 1 
1E+19 12 ~~ 20.1 1.086! 1 1.093 10.9941 ~0.976 1.11210.9631 1.1 10.968 1.092!1.0009 0.972 !_1_0.975j0.996 ~1.033d 1 .025 1.001j 1.03 0.99811.023 1 11.029 1 j1.029 1.025 
1E+19 _1_2_~_1_ ...392_ ~-1- 1 .095 , 0.9979 !~-0.983 1.109,0.9874 1. 1 05!_~~ 1.097 j0.9965 0.986j_1_ 0.986,0.999 1.019~ 1.018 , 1.032 1 .004~  1.004j1 .018 1.002 11.017 1.00211.017 1.0159 
1 E+19 12 0,5 2 20.3 ~ 1 1_.~ 0.9939 j_1_.1_4_ j0.976 1.143 0.979 1.167 I 0,953 1.164 I 0.9617 1 j___J__ 1.001 0.999 1.053 I 1.053 1.049 11,048 1 .009j1 .009 1 .004;1 .003 1.0011 1.001 1 .001 [·,1 .001 0.9994 
1E+19 12 0.5 4 20,4 ~i. 1 ~~ 0.994 1.263ci·1 .D105 1,31710.951 1 .322~0.9805 1.054!_1_1.046 i 1.008"'1.'i'4411.085 Ti31~ 1.018i0.966 1.01510.97 1.004[0.953 1.004 10.953 0.9603 
1E+19 12 o.s 6 20.5 2.291 1 2.36 .o.9703 ITB67!1.226 1.891!1.2484 1.86311.229 1.856.1.271 8 1.125 1 1 1. 126. 0.999 1.284 !1.141 1.275, 1.133 1.04410.928 1.039'0.923 1.00610.894 1.006'0.894 0.8933 
1 E+15 12 1 0 22 1 ! 1 1 i 1 1 I 1 1 I 1 1 I 1 1 ! 1 1 ! 1 1 i 1 1 ! 1 1 i 1 1 ! 1 1 l 1 1 I 1 1 ! • 1 1 
1E+19 12 1 1 22.2 1.1 19 ! 1 ~~0.9966 1.144 j0.978 1.125,0.9981 1.081j1.035 1.074!1.0454 0.96 ! 1 0.97410.986~!1 .063 1.012J1.039 1.004 j1.046~1.ii26 1.005 :1 .047 1.005[1.047 1.0325 
1E+19 _1_2 ___ 1 __ 2_ 22.3 1.136 1 1 1.1410.9969 1.153 [0 .966 1.155 0.987 1.123!1 .012 1.114j1 .0234 0.986 !_ 1_ 0.993j0.993 1.06111.076 1.04811.055 1.009 11.024 1.00411.011 1.0051 1.02 1.005! 1.02 1.0121 
1E+19 12 1 4 22.4 1.295 : 1 1.268 11.0055 1.309! 0.989 1.284 1.0032 1.301 ; 0 .995 1.28 1 1.006 1.021! 1 1.034;0.986 1.135~ 1.124 11.088 1.018 j 0,997 1.0121 0.979 1.007 10.986 1.007,0.986 0.9741 1 E+19~-1-t--e"22:5 2.4181_ 1_ 2.388!1.0126 1.972! 1.227 1.955 1. 2219 1.863 11.298 1.827 !"""1':367 _!:.!j-1- 1.104 10.996 1.269'1 .154 1.2591 1.14 1.035 10.941 1.031 I0.9341":011o.918 1.01 10.916 0.9147 
1E+15 _ 1_2 ___ 2 ___ o_~~-1- 1 1 1 1 1 1 1 ~~-1 ___ 1_ ,_1 __ 1 _ j_ 1 _ _ 1_ j 1 1 1 1 1 ~ 1 i 1 1 1 1 1 1 1 1 1 1 1 
1E+19 _ 1_2 ___ 2 ___ 2_ ~ 1.138 1 1.162!0.9799 ~- 0.97 1.174 0.9899 1.114 11.022 1.123~ 0.9971_1_ 0 .996 11.001 1 . 051~  1.046j 1.05 1.02311.026 ~ 1.023 1.15:1.153 1.035 11 .038 1.039 
1E+19 12 2 4 24.4 1.313~ 1.329 10.9875 1.322 10.993 1.31511.0107 1.3011 1.009 1.28611.0334 1.029' 1 1.03210.997 1.1 18 11 ,067 1.115 11.081 1.02610.999 1.02510.993 1.15 11.118 1.03511.006 1.003 
1E+15 12 4 0 26 1 1 1 1 1 I 1 1 :---.2-- 1 I 1 1 : 1 1 I 1 1 1 1 I 1 1 I 1 1 I 1 1 i 1 1 : 1 1 ' 1 1 
1E+1s 1 2 - 4-1-----;j- 26.411.469 1 1.465 0.9613 1.34611.046 1.382 • 1.0603 1.261 • 1.111 1.268 I 1.1558 1 .024·1--j- 1.019 1.004 1.113 L 1.087 uo5: 1.084 1.038 I 1.014 1.02 1 1 1.675! 1.636 1.049 1 1.024 1.0287 
PDC = <S><W>.<B>; Substrate depth= 3 x 2A(S); Well depth= 0.5 x 21\(W/2); BTl depth = 0.25 x 2A(B); if 8 = 0 then BTl depth= 0. 
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APPENDIX VII: RESULTS- SJPD 
Bl-non-BTI-twin-control-3electrode-nwell-array2&3 -633; Normalized QE and scanned QE dependence on Well and Substrate depth. 
SJPD PSE SIDE RESULTS Outside 2nd BTl On 2nd BTl - On PSE boundary On 1st BTl 
Dp subs! Dpwell Dpbti PDC OE@ 45 QE@ 115 QE @50 QE@ 110 QE@ 55 QE@ 105 QE@60 QE@ 100 
n well dope ( e/ml) 1E+17 3 0.5 0 0 2.321 E-07 2.413E-07 2.442E-07 2.631E-07 2.952E-07 3.54E-07 5.594E-07 8.298E-07 
p substrate dope (h/ml) 1E+15 3 1 0 2 1.33E-07 1.331E-07 1.333E-07 1.334E-07 1.345E-07 1.348E-07 1.409E-07 1.423E-07 
reverse bias (V) 2 6 0.5 0 10 0.000269 0.0002716 0.0005193 0.0005268 0.00106 0.001067 0.002517 0.002547 
width image elec (um) 0.4 6 1 0 12 0.0001132 0.0001158 0.0002282 0.0002328 0.0004772 0.0004786 0.001135 0.001169 
width guard elec (um) 6.4 6 2 0 14 2.545E-05 3.298E-05 5.414E-05 7.104E-05 0.0001137 0.0001478 0.0002738 0.0003528 
width subs! elec (um) 2 6 4 0 16 0.0002773 0.0002991 0.0006627 0.000715 0.001475 0.001564 0.003603 0.003836 
PSE width (um) 50 12 0.5 0 20 0.004434 0.004456 0.007199 0.007422 0.01217 0.01196 0.01966 0.02056 
Well width (um) 20 12 1 0 22 0.003343 0.00331 0.005531 0.005617 0.009288 0.009213 0.01553 0.01533 
12 2 0 24 0.003287 0.003219 0.00561 0.005735 0.009337 0.009569 0.01566 0.01602 
12 4 0 26 0.002523 0.002623 0.004744 0.004998 0.008447 0.008443 0.01397 0.01466 
12 8 0 28 0.005921 0.005904 0.01353 0.01352 0.02355 0.02474 0.03988 0.03979 
PDC = <S><W> : substrate depth = 3 x 2"{S): well depth= 0.5 x 2"(W/2) 
Bl-non-BTI-twin-control-3electrode-riwell-array2&3 -633; Normalized QE and scanned QE dependence on Well and Substrate depth. 
SJPO PSE CENTRAL RESULTS No BTI:next to SCR No BTl : On SCR Exp Max Maximum Normalized PSE boundary QE 
Dp subst l Dp well I Dp bti PDC QE@65 QE@95 QE@70 QE@90 QE@80 Max QE Normz@ 55 Normz@105 
n dope (e/ml) 1E+17 3 0.5 0 0 9.215E-07 1.441E-06 0.0000068 9.29E-06 0.3879 0.3879 7.61021E-07 9.12606E-07 
p dope (h/ml) 1E+15 3 1 0 2 1.492E-OJ 1.524E-07 4.165E-07 4.839E-07 0.3852 0.3852 3.49169E-07 3.49948E-07 
rev. bias (1/) 2 6 0.5 0 10 0.00469 0.004704 0.01137 0.01146 0.3241 0.3241 0.003270595 0.003292194 
W im~e elec (um) 0.4 6 1 0 12 0.002125 0.002152 0.005801 0.005945 0.3005 0.3005 0.00158802 0.001592679 
W ouard elec (um) 6.4 6 2 0 14 0.0005302 0.0006816 0.001943 0.002417 0.3986 0.3986 0.000285248 0.000370798 
W subst elec (um) 2 6 4 0 16 0.006632 0.007072 0.01175 0.01278 0.2724 02724 0.005414831 0.005741557 
Width PSE (um) 50 12 0.5 0 20 0.03186 0.03182 0.05432 0.0539 0.1438 0.1438 0.084631433 0.0831 71071 
Width well (um) 20 12 1 0 22 0.02541 0.02466 0.04482 0.0431 4 0.1339 0.1339 0.0693651 98 0.068805078 
12 2 0 24 0.02681 0.0264 0.05021 0.05025 0.1798 0.1798 0.051929922 0.053220245 
12 4 0 26 0.0236 0.02427 0.045 0.04494 0.1748 0.1748 0. 048323799 0.048300915 
12 8 I 0 28 0.06229 0.06199 0.08693 0.08646 0.1644 I 0.1644 0.1 43248175 0.150486618 
PDC = <S><W> : substrate depth = 3 x 2"(S) : w ell deoth = 0.5 x 2" (W/2} 
Fl-non-BTI-twin-control-3electrode-nwell-array2&3 -633; Normalized QE and scanned QE dependence on Well and Substrate depth. 
SJPD PSE SIDE RESULTS Outside 2nd BTl On 2nd BTl On PSE boundary On 1st BTl 
Dp subs! Opwel I Dp bti PDC QE@45 QE @115 QE @50 QE@ 110 QE@55 QE@ 105 QE@60 QE@ 100 
n well dope (e/ml) 1E+17 3 0.5 0 0 2.321 E-Ot 2.414E-07 2.441 E-07 2.629E-07 2.836E-07 3.354E-07 5.642E-07 8.382E-07 
p substrate dope (h/ml) 1E+15 3 1 0 2 1.33E-07 1.331E-07 1.333E-07 1.334E-07 1.342E-07 1.345E-07 1.409E-07 1.425E-07 
reverse bias (V) 2 6 0.5 0 10 0.000258 0.000258 0.0004642 0.000467 0.0007287 0.0007358 0.002406 0.002412 
width image elec (um) 0 .4 6 1 0 12 0.0001101 0.0001111 0.0002048 0.0002077 0.0003263 0.0003351 0.001069 0.001087 
width guard elec (um) 6.4 6 2 0 14 2.439E-05 3.125E-05 0.0000481 6.267E-05 7.927E-05 0.0001014 0.0002563 0.0003305 
width subs! elec (um) 2 6 4 0 16 0.0002619 0.0002903 0.0005798 0.0006291 0.0009908 0.001059 0.003451 0.003673 
PSE width (um) 50 12 0.5 0 20 0.003166 0.003158 0.005011 0.00501 0.005873 0.005918 0.01386 0.01391 
Well width (um) 20 12 1 0 22 0.002442 0.0024 0.003871 0.003791 0.004557 0.004425 0.01068 0.01031 
12 2 0 24 0.002232 0.00223 0.003756 0.003779 0.004431 0.004501 0.01018 0.01038 
12 4 0 25 0.001665 0.001722 0.003169 0.003262 0.00395 0.004072 0.009442 0.009751 
12 8 0 28 0.00414 0. 004099 0.008653 0.008571 0.01 149 0.01141 0.0308 0.03059 
PDC = <S><W>: substrate depth= 3 x 2"(S): w ell depth = 0.5 x 2"(W/2) 
Fl-non-BTI-twin-control-3electrode-nwell-array2&3 -633; Normalized QE and scanned QE dependence on Well and Substrate depth. 
SJPD PSE CENTRAL RESULTS No BTl: next to SCR No BTl : On SCR Exp Max Maximum Normalized PSE boundary QE 
Dp subst Dpwell Op bti PDC OE @65 QE@95 QE@70 IOE @90 QE@80 MaxQE Normz@ 55 Normz@105 
n dope (e/ml) 1E+17 3 0.5 0 0 8.987E-07 1.413E-06 2.558E-06 3.658E-06 0.3991 0.3991 7. 1 0599E-07 8.40391 E-07 
p dope (h/ml) 1E+15 3 1 0 2 1.48SE-07 1.516E-07 2.284E-07 2.544E-07 0.3888 0.3888 3.45165E-07 3.45936E-07 
rev. bias (V} 2 6 0.5 0 10 0.003894 0.003901 0.003617 0.003646 0.4585 0.4585 0.00158931 3 0.001604798 
W imaoe elec (um) 0.4 6 1 0 12 0.001692 0.001737 0.001537 0.001595 0.4296 0.4296 0.000759544 0.000780028 
W guard elec (um) 6.4 6 2 0 14 0 ,0003886 0.0005095 0.0003658 0.000481 0.4295 0.4295 0.000184563 0. 000236088 
W subst elec (um) 2 6 4 0 16 0.005808 0.006132 0.006948 0.007462 0.1832 0.1832 0.005408297 0.005780568 
Width PSE (um) 50 12 0.5 0 20 0.01732 0.01737 0.01187 0.01 195 0.4509 0.4509 0.013025061 0.013124861 
Width well (um) 20 12 1 0 22 0.01336 0.01293 0.007845 0.007422 0.4361 0.4361 0.010449438 0.010146755 
12 2 0 24 0.01186 0.01211 0.005892 0.005948 0.4363 0.4363 0.0101 55856 0.010316296 
12 4 0 26 0.01165 0.01205 0.009366 0.009855 0.1936 0.1936 0.020402893 0.021033058 
12 a 0 28 0.04344 0.04332 0.03t42 0.03708 0.05891 0.05891 0.195043286 0.193685283 
PDC = <S><W> : subs trate depth = 3 x 2"(S}: w ell depth = 0.5 x 21\(W/2) 
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APPENDIX VIII.l : RESULTS- SJPD 
81 SJPD PSE 3 electrodes shifted Ill on n-we : mage electrode (IE) OE d~oendance on IE width outer elect ode width and distance from the welled 1 h'f 1 
" 
r 9!i S I I. 
central outer OE weiVsubst. depth = 2!3 urn; weiVsubsl. dope= 1 E17(e/ml) /1 E15 (h/ml); reverse bias = 2 volts, 5 urn beam (633 nm). 
el. wth elec(OE) t cw/ow/sh shif PSE Boundary OnSCR In "!ell Exp Max Max PSE Boundary Nz OE NzOE On SCR 
(urn) wth{um) (urn) PDC OE@ 55 OE @ 105 OE@IO QE@9 0 QE@75 Q'E@9 5 QE@ 8 0 Max QE -Nz@ 55 Nz@ 105 Nz@70 Nz@90 
0.2 0.2 0 0 1.609E-03 1.780E-03 0.1570 0. 1562 0.3782 0.3739 0.5172 0.5172 3.11 2E-03 3.441 E-03 0.3036 0.3019 
0.2 0.2 1 0.1 8.11 2!::-04 8.084E-04 0.0813 0.0814 0.31 32 0.3077 0.4869 0.4869 1.666E-03 1.660E-03 0.1669 0. 1672 
0.2 0.2 2 0.2 8.960E-04 8.893E-04 0.0709 0.0699 0.2707 0.2656 0.4655 0.4655 1.925E-03 1.910E-03 0.1523 0.1502 
0.2 0.2 3 0.3 1.195E-{)3 1.145E-03 0.0829 0.081 4 0.2281 0.2237 0.4338 0.4338 2.756E-03 2.639E-03 0.1910 0.1876 
0.2 0.2 4 0.4 8.137E-{)4 7.974E-04 0.0807 0.0792 0.1825 0. 1824 0.4139 0.4139 1.966E-03 1.927E-03 0.1949 0. 1912 
0.2 0.2 5 0.5 8.881E-{)4 8.985E-{)4 0.0890 0.0874 0.1490 0. 1488 0.3768 03768 2.357E-03 2.384E-03 0.2361 0.2319 
0.2 0.2 6 0.6 1.051E-03 1.051E-03 0.1024 0.1006 0. 1287 0.1325 0.3303 0.3303 3.181E-03 3.181 E-{)3 0.3099 0.3046 
0.2 0.2 7 0.7 1.455E-03 1.189E-03 0.1197 0.1173 0.1283 0.1282 0.2685 0.2685 5.420E-03 4.427E-{)3 0.4457 0.4371 
0.2 0.2 8 0.8 1.350E-03 1.438E-03 0.1398 0. 1373 0.1415 0.1417 0.2075 0.2075 6.509E-03 6.934E-{)3 0.6737 0.6616 
0.2 0.2 9 0.9 1.580E-03 1.506E-03 0.1467 0.1450 0.1466 0.1 482 0.1590 0.1590 9.935E-03 9.472E-03 0.9226 0.9121 
0.2 0.4 0 1 8.498E-{)4 1.064E-03 0.1208 0.1203 0.3549 0.3490 0.5046 0.5046 1.684E-03 2.109E-03 0.2395 0.2385 
0.2 0.4 1 1.1 6.757E-04 6.708E-04 0.0659 0.0698 0.2964 0.2973 0.4785 0.4785 1.412E-{)3 1 .402E-{)3 0.1377 0.1459 
0.2 0.4 2 1.2 7.095E-04 7.478E-{)4 0.0563 0.0557 0.2445 0.2445 0.4485 0.4485 1.582E-03 1.667E-03 0.1255 0.1241 
0.2 0.4 3 1.3 8.155E-04 7.774E-04 0.0598 0.0585 0.2049 0.2051 0.4341 0.4341 1.878E-03 1.791 E-{)3 0.1377 0.1348 
0.2 0.4 4 1.4 8.624E-04 6.981 E-04 0.0691 0.0678 0.1626 0. 1635 0.3908 0.3908 2.207E-03 1.787E-{)3 0.1768 0.1734 
0.2 0.4 5 1.5 7.221 E-{)4 7.647E-{)4 0.0731 0.0716 0.1291 0.1324 0.3619 0.3619 1.995E-03 2.113E-03 0.2020 0.1979 
0.2 0.4 6 1.6 8.555E-04 8.239E-{)4 0.0843 0.0835 0.1064 0.1091 0.3142 0.3142 2.723E-{)3 2.622E-{)3 0.2681 0.2657 
0.2 0.4 7 1.7 1.007E-03 1.074E-{)3 0.0989 0.1013 0.1067 0.11 08 0.2453 0.2453 4.106E-03 4.377E-03 0.4030 0.4130 
0.2 0.4 8 1.8 1.167E-03 1. 156E-03 0.1 150 0.1 127 0.11 65 0.1164 0.1774 0.1774 6.574E-03 6.514E-03 0.6479 0.6351 
0.2 0.4 9 1.9 1.107E-03 1. 126E-03 0.1 098 0.1076 0.1103 0.1097 0.1184 0.1184 9.353E-03 9.511E-03 0.9272 0.9086 
0.2 0.8 0 2 5.195E-04 1.111E-03 0.0834 0.0878 0.3282 0.3252 0.4913 0.4913 1.058E-03 2.262E-03 0.1 698 0.1788 
0.2 0.8 1 2.1 4.897E-04 4.502E-04 0.0494 0.0479 0.2777 0.2720 0.4683 0.4683 1.046E-{)3 9.614E-{)4 0.1055 0.1023 
0.2 0.8 2 2.2 5.085E-04 5.331 E-{)4 0.0405 0.0402 0.2249 0.2251 0.4463 0.4463 1.139E-03 1.194E-{)3 0.0909 0.0900 
0.2 0.8 3 2.3 5.340E-{)4 5519E-04 0.0391 0.0384 0.1759 0.1766 0.4169 0.4169 1.281 E-03 1.324E-03 0.0938 0.0922 
0.2 0.8 4 2.4 4.373E-04 4.540E-04 0.0431 0.0424 0.1319 0.1330 0.3798 0.3798 1.151E-03 1.195E-03 0.1134 0. 1115 
0.2 0.6 5 2.5 6.192E-{)4 7.144E-{)4 0.0499 0.0508 0.0949 0.1017 0.3378 0.3376 1.833E-{)3 2.115E-{)3 0.1478 0.1505 
0.2 0.8 6 2.6 5.770E-04 5.768E-{)4 0.0573 0.0561 0.0774 0.0774 0.2761 0.2761 2.090E-{)3 2.089E-03 0.2073 0.2030 
0.2 0.8 7 -2.7 6.985E-04 6.728E-{)4 0.0666 0.0674' 0.0727 0.0750 0.2000 0.2000 3.493E-{)3 3.364E-{)3 0.3328 0.3370 
0.2 0.8 I 8 2.8 8.392E-04 6.302E-{)4 0.0775 0.0785 O.D785 0.0823 0.1330 0.1330 6.311 E-03 6.244E-{)3 0.5829 0.5906 
0.2 1.6 0 3 2.375E-04I3.853E-04 o.o484 I o.o471 0.2803 0.2789 0.4750 0.4750 5.000E-04 8.112E-04 0.1019 0.0992 
0.2 1.6 1 3.1 2.204E-04 2.137E-04 0.0229 0.0228 0.2153 0.2200 0.4308 0.4308 5.116E-{)4 4.961E-{)4 0.0531 0.0530 
0.2 1.6 2 3.2 2.428E-04 2.404E-04 0.0186 0.0186 0.1692 0.1654 0.3967 0.3967 6.121 E-04 6.061 E-04 0.0470 0.0468 
02 1.6 3 3.3 2.583E-04 2.712E-{)4 0.0190 0.0188 0.1201 0.1192 0.3629 0.3629 7. 117E-04 7.474E-04 0.0525 0.0519 
0.2 1.6 4 34 2.230E-04 2.253E-04 0.0220 0.0220 0.0863 0.0857 0.3382 0.3382 6.593E-{)4 6.663E-04 0.0651 0.0651 
0.2 I 1.6 5 3.5 3.31 7E-04 12.905E-{)4 0.0269 0.0270 0.0538 0.0572 0.2950 0.2950 1.124E-03 9.847E-{)4 0.0913 0.0915 
0.2 1.6 6 3.6 3.021E-04 4.096E-{)4 0.0309 0.0289 0.0456 0.0433 0.2082 0.2082 1.451E-{)3 1.967E-{)3 0.1482 0.1389 
0.2 1.6 7 3.7 3.374E-04 3.590E-{)4 o.o352 1 o.o344 0.0394 0.0394 0. 1327 0.1327 2.543E-{)3 2.705E-03 0.2652 0.2596 
0.2 1.6 I 8 3 .8 2.720E-04 2.769E-04 0.0259 0.0257 0.0270 0.0270 0.0504 0.0504 5.395E-{)3 5.492E-{)3 0.5146 0.5095 
0.2 3.2 0 4 7.444E-{)5 1.180E-04 0.0139 0.0140 0.1884 0.1878 0.4153 0.4153 1. 793E-{)4 I 2.842E-04 0.0334 0.0338 
0.2 3.2 1 4.1 8.469E-05 8.471E-05 0.0088 0.0092 0.1386 0.1394 0.3823 0.3823 2.215E-{)4 2.216E-{)4 0.0230 0.0240 
0.2 3.2 2 4.2 8.451 E-05 1.045E-04 0.0067 0.0079 0.0897 0.0969 0.3335 0.3335 2.534E-04 3.133E-{)4 0.0201 0.0238 
0.2 3.2 3 4.3 1. 163E-04 1.175E-04 0.0081 0.0082 0.0590 0.0586 0.2834 0.2834 4. 105E-04 4.1 45E-04 0.0286 0.0289 
0.2 3.2 4 4.4 1.028E-04 9.837E-05 0.0095 0.0093 0.0364 0.0373 0.2194 0.2 194 4.684E-04 4.483E-04 0.0432 0.0425 
0.2 3.2 5 4 .5 1.166E-04 1.135E·04 0.0112 0.0111 0.0230 0.0239 0.1549 0.1549 7.530E-04 7.330E-04 0.0723 0.0720 
0.2 3.2 6 4.6 1.153E-04 1.189E-{)4 0.0110 0.0108 0.0160 0.0159 0.0813 0.0813 1.418E-03 1.462E-03 0.1348 0.1323 
0.4 0.2 0 10 1.650E-03 1.764E-{)3 0.1620 0.161 3 0.3843 0.3855 0.5321 0.5321 3.101E-03 3.316E-03 0.3044 0.3032 
0.4 0.2 1 10.1 1.011 E-{)3 1.008E-03 0.0956 0.0954 0.3268 0.3301 0.5066 0.5066 1.995E-03 1.990E-03 0.1888 0.1883 
0.4 0.2 2 10.2 9.301 E-{)4 9.336E-04 0.0738 0.0730 0.2760 0.2826 0.4858 0.4858 1.915E-{)3 1.922E-{)3 0.1520 0.1503 
0.4 0.2 3 10.3 1.211 E-{)3 1.194E-03 0.0882 0.0869 0.2381 0.2449 0.4616 0.4616 2.622E-03 2.588E-03 0.1910 0.1882 
0.4 0.2 4 10.4 8.973E-04 8.738E-04 0.0849 0.0830 0.1893 0.1900 0.4383 0.4383 2.047E-03 1.994E-03 0.1937 0.1895 
0.4 0.2 5 10.5 9.786E-04 9.696E-04 0.0946 0.0929 0.1565 0.1633 0.3949 0.3949 2.478E-03 2.455E-03 0.2395 0.2352 
0.4 0.2 6 10.6 1.142E-03 1.11 7E-03 0.1094 0.1076 0.1372 0.1418 0.3488 0.3488 3.273E-03 3.203E-03 0.3136 0.3085 
0.4 0.2 7 10.7 1.366E-03 1.551E-03 0.1289 0.1289 0.1379 0. 1408 0.2867 0.2867 4.764E-03 5.407E-03 0.4494 0.4497 
0.4 0.2 8 10.8 1.580E-03 1.557E-03 0.1544 0.1 51 8 0.1563 0.1565 0.2261 0.2261 6.988E-03 6.886E-03 0.6829 0.6715 
0.4 0.2 9 10.9 1.660E-03 1.774E-03 0.1667 0.1662 0.1665 0.1699 0.1809 0.1809 9.179E-{)3 9.810E-03 0.9215 0.9189 
0.4 0.4 0 11 1.085E-{)3 8.722E-04 0.1248 0.1242 0.3564 0.3584 0.5242 0.5242 2.069E-{)3 1.664E-03 0.2382 0.2369 
0.4 0.4 1 11 .1 7.042E-04 7.215E-{)4 0.0687 0.0714 0.3074 0.3044 0.5017 0.5017 1.404E-{)3 1.438E-{)3 0.1370 0.1424 
0.4 0.4 2 11 .2 7.605E-04 8.061E-{)4 0.0807 0.0599 0.2610 0.2601 0.4801 0.4801 1.584E-03 1.679E-03 0.1284 0.1249 
04 0.4 3 11 .3 8.555E-04 8.565E-04 0.0625 0.0613 0.2122 0.2110 0.4579 0.4579 1.868E-D3 1.871E-03 0.1366 0.1339 
0.4 0.4 4 11.4 7.511E-{)4 7.340E-{)4 0.0743 0.0729 0.1735 0.1717 0.4216 0.4216 1.782E-D3 1.74 1E-03 0.1763 0.1730 
0.4 0.4 5 11 .5 7.821 E-04 8.157E-{)4 0.0776 0.0763 0.1369 0.1435 0.3812 0.3812 2.052E-03 2. 140E-03 0.2037 0.2001 
0.4 0.4 6 11.6 9.350E-04 9.203E-{)4 0.0905 0.0893 0.1144 0.1178 0.3370 0.3370 2.775E-03 2.731E-03 0.2687 0.2650 
0.4 0.4 7 11.7 1.122E-03 1.095E-{)3 0.1078 0. 1095 0.1162 0.1197 0.2636 0.2636 4.257E-03 4.154E-03 0.4089 0.4153 
0.4 0.4 8 11.8 1.304E-03 1.700E-03 0.1286 0.1379 0.1303 0.1418 0.2008 0.2008 6.493E-{)3 8.467E-03 0.6405 0.6866 
0.4 0.4 9 11 .9 1.339E-03 1.261 E-03 0.1266 0.1242 0.1271 0.1265 0.1370 0.1370 9.771E-03 9.208E-03 0.9239 0.9066 
0.4 0.8 0 12 6.616E-{)4 7.101E-{)4 0.0865 0.0910 0.3350 0.3348 0.5123 0.5123 1.292E-{)3 1.386E-03 0.1688 0.1776 
0.4 0.8 1 12.1 4.960E-{)4 4.661E-04 0.0513 0.0499 0.2811 0.2797 0.4905 0.4905 1.011 E-{)3 9.504E-{)4 0.1047 0.1017 
0.4 0.8 2 12.2 5.311E-04 5.480E-04 0.0424 0.0420 0.2340 0.2322 0.4691 0.4691 1.132E-{)3 1.168E-{)3 0.0904 0.0896 
0.4 0.8 3 12.3 5.617E-04 5.923E-{)4 0.0408 0.041 3 0.1829 0.1888 0.4343 0.4343 1.293E-{)3 1.364E-03 0.0939 0.0950 
0.4 0.8 4 12.4 4.795E-{)4 4.508E-{)4 0.0455 0.0458 0.1397 0. 1417 0.3963. 0.3963 1.210E-{)3 1.138E-03 0.1149 0.1156 
0.4 0.8 5 12.5 6.620E-04 5.431 E-04 0.0535 0.0533 0.1037 0.1050 0.3629 0.3629 1.824E-03 1.496E-03 0.1474 0.1469 
0.4 0.8 6 12.6 5.980E-04 6.251 E-04 0.0616 0.0605 0.0834 0.0832 0.2930 0.2930 2.041E-03 2.133E-03 0.2104 0.2063 
0.4 0.8 7 12.7 7.727E-04 8.072E-04 0.0733 0.0758 0.0800 0.0844 0.2186 0.2186 3.534E-03 3.692E-03 0.3351 0.3468 
0.4 0.8 8 12.8 9.089E-04 1.531 E-03 0.0884 0.0867 0.0896 0.0907 0.1 494 0.1494 6.082E-03 1.024E-02 0.5917 0.5801 
PDC - <n><m>.<shnnk dtstance (urn)> . central ew - 0.2 2 n. shteldmg ew- 0.2 2"rn (urn). • J\ . 
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APPENDIX VIII.2 RESULTS - SJPD 
BI·SJPD-PSE-3electrodes-shilted conllnuEd· page 2 ol 3. 
central outer OE Highl iahted Normalized {Nz) OE is lowest crosstalk value fo r total parameter· permutation sel. 
el. Wlh ele;c(OE) shit 1 cw/owlsh PSE Boundary OnSCR In well Exp Max Max PSE Boundary Nz OE NzQE On SCR 
(um) wth(um) (um) PDC QE@ 55 OE@ 105 0E@70 OE@9 5 OE@9 0 OE@7 5 QE@ 8 o Max OE Nz@ 55 Nz@ 105 Nz@70 Nz@90 
0.4 1.6 0 13 2.475E-04 3.986E-04 0.0504 0.0490 0.2899 0.2924 0.4909 0.4909 5.042E-04 8.121E-04 0.1027 0.0998 
0.4 1.6 1 13.1 2.353E-04 2290E-04 0.0245 0.0245 0.2298 0.2285 0.4614 0.4614 5.100E-04 4.964E-04 0.0531 0.0530 
0.4 1.6 2 13.2 2.579E-04 2.654E·04 0.0208 0.0206 0.1923 0.1799 0.4432 0.4432 5.819E-04 5.988E-04 0.0469 0.0465 
0.4 1.6 3 13.3 2.946E-04 3.060E-04 0.0216 0.0213 0.1330 0.1337 0.4090 0.4090 7.202E-04 7.481E·04 0.0527 0.0520 
0.4 1.6 4 13.4 2.410E-04 2.459E-04 0.0234 0.0240 0.0917 0.0928 0.3531 0.3531 6.826E-04 6.965E-04 0.0663 0.0679 
0.4 1.6 5 13.5 2.816E-04 2.950E-04 0.0292 0.0299 0.0586 0.0639 0.3107 0.3107 9.065E-04 9.495E-04 0.0939 0.0961 
0.4 1.6 6 13.6 3.130E-04 3.676E-04 0.0312 0.0340 0 .0461 0.0509 0.2245 0.2245 1.394E·03 1.637E-03 0.1391 0.1514 
0.4 1.6 7 13.7 3.910E-04 4.023E·04 0.0386 0.0377 0.0432 0.0432 0.1464 0.1464 2.670E·03 2.748E·03 0.2634 0.2577 
0.4 1.6 8 13.8 3.342E-04 3.244E-04 0.0315 0.0310 0.0327 0.0327 0.0610 0.0610 5.481 E-03 5.320E-03 0.5169 0.5089 
0.4 32 0 14 8.257E-05 1.333E-04 0.0154 0.0158 0.2053 0.2051 0.4559 0 .4559 1.811E·04 2.924E·04 0.0337 0.0347 
0.4 3.2 1 14.1 7.607E-05 7.990E-05 0.0079 0.0086 0.1458 0.1478 0.41 49 0.4149 :·1.833E;,Q4. 1.926E-04 0.0190 0.0206 
0.4 3.2 2 14.2 1.156E-04 1.039E-04 0.0092 0.0078 0.1094 0.1047 0.3721 0.3721 3.105E-04 2 .792E-04 0.0247 0.0210 
0.4 3.2 3 14.3 1.229E-04 1.231 E-04 0.0090 0.0088 0.0632 0.0624 0.3284 0.3284 3.744E-04 3.748E-04 0.0274 0.0269 
0.4 3.2 4 14.4 1.306E-04 1.112E-04 0.0107 0.0105 0 .0409 0.0419 0.2475 0.2475 5.275E-04 4.495E-04 0.0432 0.0423 
0.4 3.2 5 14.5 1.294E-04 1.268E-04 0.0127 0.0122 0.0259 0.0263 0.1782 0.1782 7.263E-04 7.116E-04 0.0711 0.0686 
0.4 3.2 6 14.6 1.310E-04 1.364E-04 0.0126 0.0125 0.0184 0.0184 0.0929 0.0929 1.410E-03 1.468E·03 0.1356 0.1343 
0.8 0 .2 0 20 1.763E-03 1.856E-03 0.1700 0.1690 0.3984 0.4014 0.5696 0.5696 3.095E-03 3.259E-03 0.2985 0.2968 
0.8 02 1 20.1 8.795E-04 9.144E-04 0.0895 0.0897 0.3313 0.3358 0.5488 0.5488 1.603E-03 1.666E-03 0.1630 0.1635 
0.8 0.2 2 20.2 9.888E-04 9.607E-04 0.0787 0.0776 0.2858 0.2901 0.5340 0.5340 1.852E·03 1.799E-03 0.1474 0.1454 
0.8 0 .2 3 20.3 1.323E-03 1.292E-03 0.0961 0.0945 0.2520 0.2506 0.5162 0.5162 2.562E-03 2.504E-03 0. 1862 0.1830 
0.8 0.2 !1 20.4 9.700E-04 9.517E-04 0.0924 0.0900 0.2029 0.2139 0.4634 0.4634 2.093E-03 2.054E·03 0.1993 0. 1942 
0.8 0.2 5 20.5 1.010E·03 1.809E-03 0.1033 0.1017 0.1735 0.1741 0.4200 0.4200 2.406E-03 4.307E-03 0.2460 0.2421 
0.8 02 6 20.6 1.242E-03 1.205E·03 0.1213 0.1193 0.1518 0.1532 0.3780 0.3780 3.286E-03 3.188E-03 0.3210 0.3155 
0.8 0.2 7 20.7 1.549E-03 1.513E-03 0.1479 0.1452 0.1581 0. 1579 0.3180 0.3180 4.871 E-03 4.760E-03 0.4652 0.4568 
0.8 0.2 8 20.8 1.721 E-03 1.856E-03 0.1764 0.1743 0.1784 0 .1794 0.2553 0.2553 6.742E-03 7.269E-03 0.6908 0.6826 
0.8 0.2 9 20.9 2.173E-03 2.143E-03 0.2043 0 2020 0.2041 0.2063 0.2184 0.2184 9.946E·03 9.811 E-03 0.9353 0.9245 
0.8 0.4 0 21 9.594E·04 9.949E·04 0.1328 0.1320 0.3729 0 .3762 0.5627 0.5627 1.705E-03 1.768E-03 0.2360 0.2346 
0.8 0.4 1 21.1 7.448E-04 7.242E-04 o.o728 I o.o758 0.3183 0.3223 0.5431 0.5431 1.372E-03 1.334E-03 0.1340 0.1395 
0.8 0.4 2 21.2 8.141E-04 8.410E-04 0.0648 0.0640 0.2732 0.2742 0.5299 0.5299 1.536E-03 1.587E-03 0.1223 0.1209 
0.8 0 .4 3 21.3 9.207E-04 1.076E·03 0.0672 0.0723 0.2271 0.2347 0.4730 0.4730 1.946E·03 2.274E·03 0.1421 0.1528 
0.8 0.4 4 21.4 8.524E-0411.205E-03 0.0820 0.0816 0 .1 821 0.1928 0.4716 0.4716 1.807E-03 2.554E-03 0.1 738 0.1730 
0.8 0.4 I 5 21.5 8.608E·04 1.030E-03 0.0855 0.0848 0.1503 0.152.!) 0.4063 0.4063 2.119E-03 2.535E-03 0.2103 0.2086 
0.8 0.4 I 6 21.6 1.025E-03 1.041E-03 0.1022 0.1008 0.1321 0.1314 0.3586 0.3586 2.857E-03 2.904E-03 0.2851 0.2812 
0.8 0.4 I 1 21 .7 1.260E-03 1.297E-03 0.1231 0.1258 0.1324 0.1370 0.2946 0.2946 4.278E-03 4.403E-03 0.4178 0.4270 
0.8 0.4 I 8 21.8 1.511E-03 2.948E-03 0.1483 0.1634 0.1502 0. 1679 0.2298 0.2298 6.576E-03 1.283E-02 0.6454 0.7109 
0.8 0.4 9 21.9 1.677E-03 1.658E-03 0 .1622 0.1591 0.1629 0.1620 0.1728 0.1728 9.702E-03 9.596E-03 0.9385 0.9207 
0.8 0.8 0 22 7.362E·04 8.522E·04 0.0914 0.0961 '0.3470 0.3503 0.5350 0.5350 1.376E-03 1.593E-03 0.1708 0.1796 
0.8 0.8 1 22.1 5.421E-04 5.213E-04 0.0546 0.0534 0.2989 0.3015 0.5017 0.5017 1.081 E-03 1.039E-03 0.1088 0.1065 
0.8 0.8 2 22.2 5.670E-04 5.841 E.-04 0.0455 0.0450 0.2430 0.2467 0.5178 0.5178 1.095E·03 1.128E-03 0.0879 0.0869 
0.8 0.8 3 22.3 6.039E-04 6.255E·04 0.0443 0.0438 0.1930 0.2051 0.4655 0.4655 1.297E·03 1.344E·03 0.0952 0.0941 
0 .8 0.8 4 22.4 5.052E·04 5.921 E-04 0.0501 0.0491 0.1525 0.1525 0 .4235 0.4235 1.193E-03 1.398E·03 0.1 182 0.1160 
0.8 0.8 5 22.5 6.220E-04 6.053E-04 0.0592 0.0590 0.1113 0 .1173 0.3906 0.3906 1.592E-03 1.550E-03 0.1515 0.1510 
0.8 0.8 6 22.6 6.710E-04 7.625E-04 0.0699 0.0696 0.0941 0.0958 0.3238 0.3238 2.072E-03 2.355E·03 0.2159 0.2150 
0.8 0.8 7 22.7 9.036E-04 9.338E-04 0.0865 0.0866 0.0943 0.0962 0.2489 0.2489 3.631E-03 3.752E-03 0.3475 0.3479 
0.8 0 .8 8 22.8 1.055E-03 1.058E-03 0.1021 0. 1002 0.1035 0.1042 0.1758 0.1758 6.001E-03 6.016E-03 0.5807 0.5701 
0.8 1.6 0 23 2.587E-04 4.259E-04 0.0528 0.0521 0.2997 0.3036 0.5374 0.5374 4.81 4E-04 7.925E-04 0.0982 0.0969 
0.8 1.6 1 23.1 2.599E-04 2.514E-04 0.0269 0.0268 0.2457 0.2606 0.4932 0.4932 5.269E-04 5 .097E-04 0.0546 0.0544 
0 .8 1.6 2 23.2 2.932E-04 2.952E·04 0.0226 0.0223 0.1969 0.1998 0.4581 0.4581 6.401E-04 6.444E-04 0.0492 0.0488 
0.8 1.6 3 23.3 3.213E-04 3.068E-04 0.0236 0.0233 0.1387 0.1510 0.4398 0.4398 7.305E-04 6.975E-D4 0.0536 0.0529 
0.8 1.6 4 23.4 2.646E-04 3.231 E-04 0.0260 0.0281 0.1 012 0.1056 0.3847 0.3847 6.878E-04 8.398E-04 0.0677 0.0732 
0.8 1.6 5 23.5 3.421 E-04 3.953E-04 0.0331 0.0369 0.0676 0.0787 0.3354 0.3354 1.020E-03 1.178E-03 0.0988 0.1099 
0.8 1.6 6 23.6 3.967E-04 3.878E·04 0.0373 0.0367 0.0549 0.0549 0.2557 0.2557 1.551 E-03 1.517E-03 0.1458 0.1435 
0.8 1.6 7 23.7 4.495E-04 5.562E-04 0.0446 0.0438 0.0501 0.0502 0.1735 0.1735 2.591E-03 3.207E-03 0.2571 0.2527 
0.8 3.2 0 24 9.115E·05 1.482E-04 0.0168 0.0173 0.2112 0.2208 0.4793 0.4793 1.902E-04 3.093E-04 0.0351 0.0361 
0 .8 3 .2 1 24.1 8.353E-05 9.435E-05 0.0087 0.0098 0.1574 0.1556 0.4498 0.4498 1.857E-04 2.097E-04 0.0193 0.0218 
0.8 3.2 2 24.2 1.138E-04 1.259E-04 0.0086 0.0104 0.1148 0.1211 0.3990 0.3990 2.851E-04 3.156E·04 0.0216 0.0260 
0.8 3.2 3 24.3 1.267E-04 1.301E·04 0.0093 0.0091 0.0559 0.0592 0.3918 0.3918 3 .234E·04 3.320E·04 0.0237 0.0232 
0.8 3 .2 4 24.4 1.219E-04 1.283E-04 0.0122 0.0118 0.0461 0.0464 0.2836 0.2836 4.299E-04 4.523E-04 0.0429 0.0416 
0.8 3.2 5 24.5 1.642E-04 1.655E-04 0.0156 0.0151 0.0319 0.0323 0.2071 0.2071 7.931 E-04 7.994E·04 0.0754 0.0727 
0.8 3.2 6 24.6 1.571 E-04 1.517E·04 0.0156 0.0152 0.0226 0.0224 0.1131 0.1 131 1.389E-03 1.341E-03 0.1381 0.1346 
1.6 0.2 0 30 1.896E-03 2.035E·03 0.1818 0.1812 0.4279 0 .4253 0.5484 0.5484 3.458E-03 3.712E·03 0.3315 0.3304 
1.6 0 .2 1 30.1 1.003E-03 9.737E-04 0.0972 0.0989 0.3633 0.3619 0.5270 0.5270 1.904E-03 1.848E-03 0.1845 0. 1876 
1.6 0 .2 2 30.2 1.089E-03 1.08 1 E-03 0.0862 0.0850 0.3182 0.3160 0.5144 0.5144 2.11 7E-03 2 .102E·03 0.1675 0.1652 
1.6 0 .2 3 30.3 1.460E-03 1.517E-03 0.1065 0.1045 0.2824 0.2809 0.5022 0.5022 2 .907E-03 3.020E-03 02121 0.2081 
1.6 0.2 4 30.4 1.059E-03 1.024E-03 0.1038 0.1001 0.2296 0.2269 0.4767 0.4767 2.222E-03 2.147E-03 0.2177 0.2112 
1.6 0.2 5 30.5 1.210E·03 1.515E-03 0.1 182 0.1167 0.1969 0.1930 0.4487 0.4487 2.696E-03 3.377E-03 0.2635 0.2601 
1.6 0.2 6 30.6 1.421 E-03 1.427E-03 0.1406 0.1387 0.1753 0.1761 0.4128 0.4128 3.443E-03 3.458E-03 0.3406 0.3361 
1.6 0.2 7 30.7 1.743E-03 1.830E-03 0.1727 0.1696 0.1838 0.1836 0.3550 0.3550 4.910E-03 5.154E-03 0.4865 0.4777 
1.6 0.2 8 30.8 2.226E-03 3.778E-03 0.2181 0.2135 0.2192 0.2194 0.2991 0.2991 7.441E-03 1.263E-02 0.7290 0.7139 
PDC = <n><m>.<shnnk d1stance (u m):. :central ew- 0.2.2"n : s hteld mg ew- 0.2.2"m (um). 
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APPENDIX VIII.3 : RESULTS - SJPD 
6 -SJPD-PSE-:3ele:vooes-shifted c:>r.unued pag<' 3 o' 3 
~em:at OU\C' I OE Bolded values represent lowest relative crosstalk for each shift permutation set. 
e' wtr c,ec(0E) Sh1rt ..;wlov.'Sh PSE Boundarv Jn SCR 1 '~ ~-~· - Exp 1,1ax l.~aY ?SE Bou'loary Nz OE tJz OE On SCR 
urn) wtn(um) wm l PDC OE ~55 OE@ 105 OE~70 OE~90 OE~75 OE@SS OE~ 80 l.~axOE- Nz@ 55 N< ~ 105 Nz~no Nz©90 
- 5 0.4 0 3" 1 203E-03 9.845E-Q<: 0 1"12 0 1419 0.40~3 040r 0.538~ 0.5384 2.235E-03 1.829E-03 0.2623 02635 
1 6 04 1 3" 1 7.9~E-04 7.935E-04 00792 0.0812 0.3505 O.S4S- 0 522~ 0.5227 1.512E-03 1.518E-03 0.1516 0.1554 
1.6 04 2 312 6.ST'E-O~ 9.711 E-04 00712 0.0703 0 302: 02999 0.5107 0.5107 1.758E-03 1.902E-03 0.1394 0.1377 
1.6 0.4 3 31.3 1.024E-03 9.988E-04 0.0749 00736 0.2534 02506 0.4922 0.4922 2.079E-03 2.029E-03 0.1522 0.1 495 
1.6 04 4 31 4 1 019E-03 i 635E-03 0 0934 0.0917 0 2149 0 2133 0.4720 0 4720 2 159E-03 3464E-03 0.1978 0.1942 
1 5 0.4 5 31.5 9.961E-04 1.365E-03 0.0982 0 0979 0.1697 0.-1719 0.4351 0.4351 2289E-03 3. 139E-03 0 2256 0.2250 
1 6 04 6 31.6 1.160E-03 1 181 E-03 01171 0.1168 01477 0.1505 0.4027 0.4027 2 880E-03 2.933E-03 0 2907 0.2899 
1.6 04 7 31.7 1 569E-03 1 .507E-03 0 1451 0.1468 01550 0.1595 0.3284 0.3284 4 778E-03 4.589E-03 0.4420 0.4470 
1 6 04 a 31.8 1 916E-03 2.130E-03 0.1875 0 2006 01895 0.2055 0.2738 0.2738 6.997E-03 7 778E-03 0.6849 0.7326 
1.6 0.8 0 32 6.593E-04 17.888E-04 0.0988 0.1048 0.3782 0.3753 0.5321 0.5321 1 .239E-03 1.482E-03 0.1857 0.1969 
1 6 0.8 1 321 5 788E-04 5.910E-04 0.0597 0.0597 0.3256 0.3231 0.5184 0.5164 1.121E-Q3 1.144E-03 0.1156 0.1157 
1 6 0.8 2 32 2 6332E-04 6.679E-04 0.0505 0.0500 02748 02722 0.5003 0.5003 1.266E-03 1 335E-03 0.1010 0.0999 
1 6 0.8 3 32 3 6.781 E-04 7.011 E-04 0.0496 0 0490 0.2190 0.2175 0.4807 0.4807 1.411 E-03 1 459E-03 0.1031 0.1020 
1.6 0.8 4 32.4 5.760E-04 6.752E-04 0.0568 0.0562 0.1700 0.1699 04510 0.4510 1.277E-03 1A97E-03 0.1259 0.1246 
1.6 0.8 5 32.5 5.765E-04 6.913E-Q4 00673 00582 01288 0.1318 0 4182 04182 1.618E-03 1 653E-03 0.1610 01630 
1.6 08 6 32.6 8.901E-04 9.229E-~ 0.0625 0 085~ 0.1101 01 161 0.3627 0.3627 2.454E-03 2.5UE-Q3 0.2277 0.235.1 
1 6 08 7 32.7 1.092E-03 t.055E-03 0.1066 01067 0.1158 0 .1181 0.2860 0.2660 3.819E-03 3.688E-03 0.3726 03732 
1.6 0.8 8 32.6 1.431E-03I1.452E-03 0.1373 0 1347 0.1388 0 .• 396 0.2188 02186 6.538E-03 6 634E-03 0 6273 0.6157 
1.6 1.6 0 33 2.895E-O-' 1-' 640'0-04 00585 0.0566 0.3337 03;j03 0.5170 0 5~70 5.600E-Q4 I 8.975E-04 0.1131 0.1099 
1.6 1.6 i 331 2.858E-04I2 866E-04 0.0297 0 0297 02750 0.2720 0.5015 0.5015 5.699E-Q4 5.714E-Q4 00592 0.0592 
1 6 ;.s 2 33 2 3130E-Q4j3 329E-G4 0.0251 0.0258 02224 0.2182 0.4803 0.4803 6.518E-04 6 931E-Q4 0.0523 0.0538 
1 6 1 6 3 333 3 578E-041 ~.230E-04 00263 00288 01603 0.1701 0.~565 0.4565 7837E-04 I 9 265E-04 0.0576 0.0530 
1 6 16 .l 33 4 3 066E-04 3 227E-04 0.0312 0.0312 01211 0.1166 0.4177 0.4177 7.340E-04 7.726E-04 0.0748 0.0747 
1 6 16 5 33 5 4 069E-04 4 265E-O~ 0.0407 0.0400 0.0645 00842 0.3721 0.3721 i 093E-03 1.151E-03 0.1093 0 1075 
1 6 16 6 33.6 4 271E-04 4 196E-Q4 0.~17 00411 0.0612 0.0611 0.2966 0.2966 • A40E-Q3 1 416E-03 0.1408 0.1385 
1.6 I 1 6 7 33 7 5.674E-O~ 6.245E-04 0.0566 0.0576 0.0657 0.0658 0.2088 0.2088 2.717E-03 2.991 E-03 0 2808 0.2759 
1 6 3.2 0 34 9.880E-05 1.551 E-04 0.0185 0.0164 02398 0 2389 0.4885 0.4885 2.022E-04 3 176E-Q4 00379 0.0377 
1.6 32 1 -34 1 9.617E-Q5 9.480E-05 0.0100 0.0099 0.1769 0.1735 0.4708 0 4708 2.043E-Q4 I 2.013E-04 0.0212 0.0210 
1.6 3.2 2 34 2 1.301E-04 1217E-04 0.0103 0.0101 0. 1301 0.1276 0.4338 0 4338 2.999E-04 2.805E-Q4 0.0238 0.0232 
1.6 3.2 3 34 3 1.705E-04 1.800E-04 0.0125 0 0122 0.0857 0.0857 0.3880 0.3880 4 394E-04 4.639E-04 00321 0.0315 
1.6 3.2 4 34.4 1.416E-Q4 1.351 E-04 0.0134 00132 0.0517 0.0507 0.3289 0.3289 4.304E-04 4 108E-04 0.0407 0.0401 
1 6 32 5 34 5 1 990E-04 1.933E-04 0.0190 0.0183 0.0386 0.0391 0.2485 0 2485 8 009E-04 7 780E-04 0.0764 0.0737 
32 02 0 40 2 057E-0312.253E-03 0 2000 01992 0.4406 04334 0.5755 0 5755 3.574E-03 3 9i5E-03 0.3475 0.3462 
32 02 1 401 1 124E-03 1100E-03 0.1088 0.1081 0.3766 0 3982 0.5572 0 5572 2.017E-Q3 1.975E-{)J 01952 0 1939 
3.2 0.2 2 40.2 1 268E-03 1 293E-03 0.0963 0 0950 0.3444 0.355" 05368 05368 2 363E-03 2409E-03 01795 0.1770 
32 02 3 403 1.657E-03 1 759E-03 0.1200 01178 03093 03117 0 5244 05244 3159E-03 3 353E-03 0.2289 0 2247 
32 02 ~ 404 1 227E-03 2.310E-03 0 "198 01182 0.2502 0 25" 8 0.5199 05199 2361E-Q3 "4~3E-03 02305 0.2274 
32 02 5 405 1.798E-03 1 475E-03 0.1713 0 1376 02493 0224- 04865 0 4855 3.696E-02 3 031E-03 03520 0 2627 
32 0.2 6 406 1 673E-03I1.873E-03 0 1754 01725 02130 02159 04571 04571 4.098E-03 4 096E-03 0.3837 0 3774 
32 0.2 7 4C.7 2 279E-0312.332E-03 02255 02206 02363 02363 0.4080 0.4080 5.584E-03 5 714E-03 0.5527 0.5411 
3.2 0.2 8 40 8 3.254E-03 3.248E-03 0.3160 0.3107 0.3170 03172 03874 0.3874 8.399E-03 I 8.379E-G3 0.8156 0 8019 
32 04 0 4" • n.:E-o3I1.150E-03 0.1561 0.1538 04306 0.4308 0.5727 0.5727 1.9"-"E-03 2.008E-03 0 2725 0 2686 
32 04 1 ~1 j 9 619E-Q4 9.~15E-04 0.0889 0.0928 03680 0 3619 0 5633 0.5633 1.708E-Q3 1.671 E-03 01578 0.1648 
32 04 2 41 2 - 068E-03 1 055E-03 0.0810 00602 0.322' 0.3183 0.5543 0.5543 1 926E-03 1.903E-03 0.1462 01447 
32 04 3 4" .3 1 182E-03 1.357E-Q3 0.0666 0.0967 02734 0 2814 0.5439 0.5439 2 174E-03 2 495E-03 0.1593 01777 
3.2 04 4 4i .1 1.095E-03 1150E-03 0.1096 0.1076 02334 0 2347 0.5311 0.5311 2.062E-03 2 164E-03 02064 02025 
32 04 5 41 5 1.232E-03 2.031 E-03 0.1178 0.1154 0 1982 02000 0 4759 0 4759 2 588E-03 4 268E-03 0 2474 0 2424 
32 0.4 6 41 6 1.550E-03 1.521 E-03 01492 0.1471 0 1877 0.1869 0.4357 0.4357 3.558E-03 3 491E-03 0 3424 0 3377 
32 0.4 7 41 7 2.004E-03 2.016E-03 0.1935 0.1961 0.2055 0.2110 03882 0.3882 5.162E-03 5.192E-03 0 4984 0.5051 
32 0.8 0 42 9 490E-Q4 7.340E-04 0.1 189 0 1149 0.3945 0.4049 0.5576 0.5576 1 702E-03 1 316E-03 0.2132 0.2051 
32 0.8 1 42.1 6.569E-04 6.237E-04 0.0680 0.0658 0.3454 0.3374 0.5572 0.5572 1.179E-03 1.119E-Q3 0.1221 0.1181 
32 0.8 2 42.2 7 187E-04 7 704E-04 0.0575 0.0573 0.2944 02907 0.5511 0.5511 1.304E-03 1.398E-03 0.1043 01040 
32 0.8 3 42.3 7.859E-o4 8432E-04 0.0575 00573 0 2387 0.2457 05203 0.5203 1 510E-03 1 621E-03 0.1105 0.1102 
3.2 0.8 4 42 4 6 877E-Q4 6_918E-04 0 0674 0 0662 0.1947 0.1984 04885 0 4885 1.408E-03 1 416E-03 0.1380 01354 
32 08 5 42.5 8.255E-Q4 9.~E-04 0 0841 0.0643 0.1534 0.1632 0 4695 0.4695 1 758E-03 1.926E-03 0.1791 0.1796 
32 0.8 6 426 1 111E-03 1.183E-03 0.1103 0 1081 0.1"-"6 0.1449 04082 0 4082 2.721E-03 2 899E-03 0.2701 02649 
32 0.8 7 427 1.526E-03I1.944E-03 0.1500 0.1501 01615 0.1646 0.3523 0.3523 4.331E-03 5.518E-Q3 0.4257 0.4261 
3.2 1.6 0 43 3.191 E-~ I5.690E-o<~ 0.()644 0.0659 0 3537 03653 05537 05537 5764E-Q4 1.028E-Q3 0.1163 01191 
32 1.6 1 431 3 409E-04 3 978E-Q4 0.0349 00426 0.2846 0.3195 0 5443 0.5443 6.264E-04 7.310E-04 0.0841 0.0782 
32 1.6 2 43.2 3.690E-04 4 406E-Q4 0.0295 0 0332 0.2324 0 2424 0.5352 0.5352 6894E-~ 8.232E-04 0.0552 0.0621 
32 1.6 3 43.3 4 426E-04 ~ 4A2E-Q4 00325 0.0321 0 1816 0.1839 0.5215 0.5215 8 487E-Q4 8517E-04 o.0623 I o.0615 
32 1.€ 4 43 4 4 279E-04 4.836E-~ 0~07 00407 0.1399 0.1436 04655 0 4655 9191E-04 1 .039E-03 0.0875 0.0874 
32 1.6 5 435 5.107E-Q<: 5 089E-04 0.~95 0.~86 0.0902 0.0978 0.4555 04555 1 121E-03 1 117E-03 0.1086 01068 
3.2 1.6 6 43.6 6 752E-04 6 705E-04 0.064A 0.0634 0.0927 0.0926 0.3496 0_3495 1.931 E-03 1.918E-03 01842 0.1813 
3.2 3.2 I 0 44 1.211 E-04 1.947::-04 0.0226 0.022- 02630 0.2622 0.5358 0.5358 2.260E-04 I 3 633E-04 0.0421 0.0423 
3.2 32 1 441 1 273E-04 1.267E-Q4 0.0127 0.0133 01976 0.1996 0.527€ 0.5276 2.413E-04 2.402E-04 0.0241 0.0253 
32 3.2 2 442 1 3~6E-04 1.379E·04 0.0107 0.01()4 0 1270 0.1232 0.5138 0.5138 2 6i9E-04 2 684E-Q4 0 .0208 00202 
3.2 3.2 3 44.3 1.974E-04 1.992E-O<~ 00145 0.0142 0 0874 00901 0.4801 04801 4 113E-G4 4 150E-04 0 0301 0.0296 
32 3.2 4 44 4 2. 133E-O<~ 2.045c-04 0.0200 0.0197 0 0746 0.0756 0.3782 0.3782 5.641E-04 5 407E-04 0.0528 0 0522 
32 32 5 445 2 787E-04 2 789E-04 0.0281 0.0272 0.0602 0.0595 0.3024 03024 9.215E-04 9 221E-Q4 o.o92s I o.o89s 
PDC- <n><m>.<Shrtnk distance (urn)> :central ew- 0.2' 2"n: sh1eldma ew- 0.2 "2"m (um). 
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APPENDIX IX.l ·RESULTS- SJPD 
F ~JPG ~s- 3 I t h ' ft donn ell I '  r ::: e ec roaes s 1 e -w mag e I t de fl~" OE: d d e ec ro _, eoen ~nee on IE 'dtr o r-r elec·rod dth d I WI U<: CW! an >! acemen tf rom t e we I edge (§hliq 
central outer OE well/subst depth =213 um wellisubsi. dooe = 1E17(e/mi)/1E15 (h/ml). reverse bias = 2 volts; 5 um beam (633 nm) 
el wrh elec(OE) t cw/ow/sh snif PSE Boundarv OnSCR In well Exp Max Max PSE Boundary Nz QE NzQE On SCR 
(um) wtr11um) (um) PDC OE@ 55 OE © 10 5 OE@70 OE©9 0 OE@75 0Eii;9 5 OE@ 80 Max OE · Nz @ 55 Nz@ 105 Nz©70 Nz@90 
0.2 0.2 0 0 1 400E-03 1 734E-03 0.1407 01413 0.3660 0.3698 0.4601 0.4601 3.042E-03 3.768E·03 0.3058 0.3072 
0.2 0.2 1 0.1 7 234E-04 8 247E·04 0.0743 0.0733 0.2999 0.3034 0.4336 04336 1.669E-03 1 .902E-03 0.1713 0.1690 
0.2 02 2 0.2 7.886E-04 8 769E-D4 0.0662 00666 0.2567 0.2597 0.4114 04114 1.917E-03 2.132E·03 01610 0.1618 
0.2 0.2 3 0.3 1.067E-03 1. 1 12E-03 0.0815 0.0810 0.2149 0.2181 0.3815 0.3815 2.795E-03 2.914E-D3 0.2137 0.2122 
0.2 0.2 '- 0 4 7.898E-04 8.096E-04 0.0797 0.0799 0.171 1 0.1740 0.3580 0.3580 2.206E-03 2.262E-03 0.2227 0.2232 
0.2 0.2 5 0.5 9.554E-04 8.934E-Q4 00887 0.0888 0 1390 0.1378 0.3213 0.3213 2.974E-03 2.781 E-03 0.2761 0.2762 
0.2 0.2 6 0.6 1.010E-03 9.878E-Q4 0. 1023 0.1022 0. 1206 0.1181 0.2777 0.2777 3 636E-03 3.557E-03 0.3683 0.3681 
0.2 0.2 7 0.7 1.238E-03 1.174E-03 0 11 90 0.1 193 0.1200 0.1199 0.216(' 0.2169 5.710E-03 5.41 3E-03 0.5487 0.5500 
0.2 0.2 8 0.8 1.679E-03 1.342E-03 0 1391 0 1395 0.1374 0. 1373 0.1614 0.161 4 1.040E-02 8.3 13E-03 0.8618 0.8638 
0.2 02 9 0.9 1.459E-03 1 <!74E-03 0.1 457 0.1472 0.1448 0.1457 0 1288 0. 1472 9 912E-03 1.001E-02 09897 1.0000 
0.2 I 0.4 I 0 1 8.589E-O<~ 1 419E-03 0.1064 0 1062 0.3425 0.3452 0.4489 0.4489 1.913E-03 3 160E-D3 02370 0.2366 
0.2 0 .4 1 1 1 6.177E·04 7.201E-04 0.0606 0.0603 0.2915 0.293<! 0 <!239 0.4239 1.457E-03 1 .699E-03 0.1429 0.1422 
0.2 0.4 2 12 6.8 10E-D4 7.403E·0" 0 .0527 0.0529 0.2363 0.2387 0.3949 0.3949 1.725E-03 1.875E-D3 0.1335 0.1338 
02 o . .a 3 1.3 7.513E-04 7.598E·04 00583 0.0579 0.2037 0.2010 0.3794 0.3794 1.980E-03 2.003E-03 0.1536 0.1526 
0.2 0.4 4 1 4 7.058E·04 6.950E-04 0.0682 0.0663 0.1530 0.1531 0.3401 0.3401 2.075E-03 2.043E-03 0.2006 0 2009 
0 2 0.4 5 15 7.252E-04 7.464E-04 0 .0726 0.0728 0.1221 0 1198 0.3087 0.3087 2.349E-03 2.418E-03 02353 0.2357 
0.2 0 4 6 16 8171 E-D<~ 8.208E-04 0.0839 0 084 1 o.o99e 0.0994 0.2632 0.2632 3.10<:E-03 2.119E-03 0.31Cl8 0.3197 
0.2 OA 7 1 7 9 760E-04 1.024E-03 0 0993 0.1029 0.0999 0.1039 0.1 971 0.1971 4_953E·03 5.19<~E-D3 0.5041 0.5221 
0.2 04 8 1.8 1.169E-03 1 140E-03 0.1144 0.1147 01 125 0.1127 0. 1397 0 1397 8 364E-03 8 156E-D3 0.8185 0.8205 
02 0.4 s 1 9 1.106E-D3 1.098E-03 0.1 094 0.1094 0.1082 0.1089 0.0979 0.1094 1.01 1E·02 1.004E-02 1.0000 1.0000 
02 0.8 0 2 5.403E-04 5.607E-04 0.07271 0.0760 0.3160 0.3223 0.4351 0.<!351 1.242E-03 I 1.289E-D3 0.1670 0 1746 
0.2 0.8 1 2 1 4 563E-04 4.593E-04 0.0436 0.0428 02650 0.2671 0.4133 0 4133 1.104E-03 1.111E-03 0.1056 0.1035 
0.2 0.8 2 2.2 4.724E-Q4 5.419E-04 0.0378 0.0380 0.2206 0.2216 0 3894 0.3894 1.213E-03 1.392E-D3 0.0971 0.0975 
0.2 0.8 3 2.3 5.342E-04 5 393E-Q4 0.0383 0.0377 0 1754 0.1715 0.3651 0 3651 1.463E-03 1.477E-03 01050 0.1033 
02 0.8 4 2.4 4.165E-04 4 3t1E-04 0.0427 00426 0 1259 0.1272 0.3274 0.3274 1.272E-03 1.335E-D3 0 1305 01300 
0.2 0.8 5 2.5 5.01 1E-O<! 5 187E-04 0.0501 0 .0507 0.0925 0.0931 0.2852 0.2852 1.757E-D3 1.819E-D3 01756 0.1776 
0.2 0.8 6 2.6 5 906E·04 6.461 t:-D4 o 0570 I o.o5ss 0.0695 0.0701 0.2251 0.2251 2.623E-03 2.870E-03 0.2531 0.2527 
0.2 0.8 7 2.7 6.597E-D4 6.987E-04 0.0664 0.0686 0.0679 0.0694 0. 1595 0.1 595 4. 136E-03 4 380E-D3 04161 0.4299 
02 0.6 I 8 2.8 7.862E·0" 7.957 !:: -Q4 0.0770 0.0797 0.0767 0.0767 0.1036 0 1036 7.58tE-03 7.678E-03 0 7<!32 0.7689 
0.2 I 1.6 0 3 2 553E·04 3 937E-Q4 0.0410 0 0<!06 0.2718 0.2738 0 41 55 04 155 6.145E-04 9.476E-04 0.0986 0.0978 
0.2 1.6 1 3 1 2.2750:-04 2171E-04 O.D196 0.0197 0 2163 0.2135 0.3792 0.3792 5.999E-04 5.725E-04 0 0516 0.0520 
02 1.6 2 3.2 2.206E-D4 2 '-20E-04 0.0173 0.0174 0 1642 0. 1671 0.3484 0.348" 6 332E-04 6.946E-D4 0.0497 0.0500 
0.2 1.6 3 3 .3 2.283E-04 2.648E-0<! 0.0185 0.0185 o 11 10 I o. 1182 0.3146 0.3146 7 255E-04 8.415E-04 0 0589 0.0589 
0.2 1.6 4 34 2.277E·0" 3729E-O<~ 0.0219 0.0217 0.0822 0.0802 0.2854 0.2854 7 978E-Q4 1 307E-03 0.0768 0.0761 
02 1 .6 5 3.5 2.636E·04 2 756E-04 0.0268 0.0273 0.0469 0.0493 0.2<100 0.2400 1.098E-03 1.148E-D3 0.11 18 0. 1137 
0.2 1.6 6 3 .6 2 985E-0413.009E-04 0.0308 0.0294 o. 0398 I o 0383 0. 1656 0.1656 1.803E-03 1.81 7E-D3 0.1859 0. 1773 
0.2 1 6 7 3.7 3.631E·0" 3.335E-04 0.0351 0.0350 0.03641 0.0364 0 1021 0.1021 3.556E·03 3265E·03 0.3436 0.3429 
0.2 1.6 8 3.8 2 683E-0412.640E-04 0.0260 0.0261 0 0259 0 0260 0.0395 0.0395 6.794E-03 6.685C:-D3 0.6590 0.6600 
0.2 32 0 4 8.255E-D5 1 246E-04 0.0107 0.0109 0.1820 0 1837 0.36" 1 0.3641 2.267E-04 3422E-O<~ o.o294 1 o.o3oo 
0.2 3.2 1 41 7.749E-D5 8.667E-D5 0.00751 0.0079 0.1 41 9 0.1 369 03346 0.3348 2.314E-04 2.589E-04 0.0224 0.0235 
0.2 3.2 2 4.2 8. 131 E-D5 1 0'-1E-Q<! 0.0063 00075 0.0894 0.0902 0 2883 0.2883 2 820E-Q4 3.6iOE-04 0.0218 0.0259 
0.2 3.2 3 4 .3 9.866E-05 1214E-O<! 0.0079 0.0081 0.0542 0.0553 0.2379 0.2379 4 148E-04 51 03E-D4 0.0334 0.0340 
0.2 3 .2 4 4 .4 9.688E-D5 9480E-05 0.0094 0.009<! 0 0310 0.0281 0.1774 0.1774 5.461E·04 5 344E-Q<! 0.0527 0.0529 
0.2 3 .2 5 4.5 1.145E-D4 1 148E-04 0.0111 0 0113 0.0193 0.0197 0. 1197 0.1197 9569E-04 9 579E-D4 0.0929 0.094<! 
0.2 3 .2 I 6 <! 6 1.109E-04 1.089E-04 0.0110 0.0109 0.01 41 0.0134 0.0622 0.0622 1 785E-03 1.751E-03 0 1764 0.1753 
0.4 I 0.2 0 10 1 460E-03 1 805E·03 0.1451 0.1458 0 3733 03782 0.4732 0 4732 3 066E-03 3.814E-03 03067 0.3082 
0.4 0.2 1 101 9.713E-D4 1 103E-03 0.0882 0 0870 0.3168 03225 0 4<181 0.4481 2 168E-03 2.462E-03 01968 0. 19~2 
a.~ 02 2 10.2 9 .052E-04 9 287E-Q4 0.0690 0 0695 0 2654 0 2681 0 4198 0.4198 2.156E-D3 2.212E-03 0 .1643 0.1656 
0.4 0.2 3 10.3 1.095E-03 1258E-03 0.0868 0.0864 0.2237 0.2275 0 3982 0 3982 2 749E-03 3 158E-03 0.2178 0.2171 
0" 0.2 4 10 4 8.828E-04 8 638E-04 0.0839 0.0839 0.1779 0 1781 0.3757 0 3757 2 350E·03 2 299E-03 0.2233 0.2232 
0 4 0.2 5 10.5 9.764E-04 9.968E-04 0.0943 0.0943 0 1491 0 1448 0.3356 0.3356 2 909E·03 2.970E-03 0.?809 02811 
04 0.2 I 6 10.6 1 138E-03 1 106E-03 0 1091 0.1093 0 1277 0 1257 0.2911 0.2911 3911E·03 3.800E-D3 0.3750 0.3755 
0.4 0.2 7 10.7 1.294E-03 1.260E-03 0. 1280 0.1310 0.1288 0.1316 0.2310 0.2310 5.602E-03 5 .455E-03 0.5542 0.5673 
0.4 0 .2 8 10.8 1.513E-03 1.642E-03 0 .1540 0. 1542 0.1517 0.1516 0.1762 0.1762 8.588E-03 9.322E-D3 0.8741 0.8751 
0.4 I 0.2 9 10.9 1.731 E-D3 1.737E-03 0. 1656 0. 1687 0.1645 0.1670 0.1 472 0.1687 1.026E-D2 1.030E-02 0.9813 1.0000 
0.4 0.4 0 11 8.661 E-04 8 626E-04 01103 0.1099 0.3480 0.3531 0.4657 0.4657 1.860E-03 1 852"-03 0.2369 0.2359 
0.4 0.4 1 11 .1 6.920E-04 74 07E-04 0.0631 0.061 4 0.2956 0.2995 0.4398 0.4398 1.573E-03 1.684E-03 0.1434 0.1396 
0.4 0.4 2 11.2 6.812E-04 7.994E-04 0.0568 0.0569 0.2502 0.2532 0.4186 0 4186 1.627E-03 1.910E-D3 0.1358 0.1360 
0 4 0.<! 3 1 1.3 7.576E-04 8.243E-04 o.0611 I o.o6o7 0.2008 0.2059 0.3998 0.3998 1.895E-D3 2.062E-03 0.1526 0.1518 
04 0 4 4 11 <! 7.562E-04 7.270E-04 0.073<! 0.0735 0. 1606 0. 1617 0.3613 0.3613 2.093E-03 2.0i2E-03 0.2032 0.2034 
0.4 0.4 5 11 .5 7.945E-04 7.705E-Q4 0.0771 0.0774 0. 1280 0.1253 0.3227 0 3227 2462E-03 2.388E-D3 0.2389 0.2399 
0.4 04 6 11.6 9.386E-O<! 8.885E-Q4 0.0904 0.0900 0.1054 1 0.1037 0.2777 0.2777 3.380E-D3 3.199E-D3 0.3254 0.3241 
04 0.4 7 11 7 1.127E-03 1.098E-03 0.1077 0.1112 0.1087 0.1 123 0.2106 0.2106 5.350E-D3 5.213E-03 0.5115 0.5281 
04 0.4 a 11.8 1.306E·03 1.394E-03 0.1282 0 1401 0.1259 0.1375 0.1573 0.1573 8.299E-03 8.861 E-03 0.81 47 0.8908 
04 0.4 g 11.9 1 289E-D3 1.283E-03 01261 0 1262 0. 1248 0.1254 0,11 <!7 0.1262 1.021 E-D2 1.016E-D2 0.9992 1.0000 
04 0.8 0 12 5.566E-D4 5.537E-Q4 0.0753 0.0787 03238 0.3297 0.4491 0.4491 1 240E-03 1.233E-D3 0.1677 0.1752 
0 4 0.8 1 12.1 4.960E-Q4 4.826E-D4 0.0456 0.0445 0.2697 0.2736 0.4320 0.4320 1.148E-03 1.1 17E-D3 0.1056 0.1030 
0.4 0 .8 2 12.2 4 975E-04 5.507E-O<! 0.0395 0.0397 0.2265 0.2283 0 4065 0.4065 1 224E-03 1.355E-03 0.0972 0.0976 
0 4 0.8 3 12.3 4 934E-D" 5.878E-04 0.0400 0.0405 0 1825 0.1799 0.3741 0.374 1 1 .319E-03 1.571 E-03 0.1069 0.1083 
0.4 0.8 4 12.4 4.62DE-04 4.838E-04 0.0451 0.0460 0.1344 0.13<!8 0.3397 0.3397 1.350E-03 1.424E-03 0 1326 0.1354 
0.4 0.8 5 12.5 5 <!23E-04 5.537E-04 0 .0536 0.0531 0.0952 0.0958 0.3017 0.3017 1.798E-03 1.835E-03 0.1776 0.1761 
0-" 0.8 6 12.6 6.188E-Q4 6 .230E-OL 0.061 5 00613 0.0747 0.0753 0.2385 0.2385 2.595E-03 2.612E-D3 0.2578 0.2571 
04 08 7 12 7 7 .637E-04 8.039E-D4 0.0734 0.0771 0.0746 0.0781 0.1735 01735 4.4D3E-D3 4.635E-03 04229 0.4446 
0.4 0.8 8 12.8 8 873"-0" 8 720E-04 0.0879 o.oaao 0.0873 0.0868 0.1173 0.1173 7.565E-03 7.435E-D3 0 7492 0 7500 
PDC - <l'l><m > .<Shnnk di stance (um )>: cent ral ew - 0.2 "2" n : s h1e ldm g ew - 0.2' 2" m (um). 
247 
APPENDIX IX.2: RESULTS- SJPD 
fi·SJFD-PSc·3e!e;:r~oe-s·shilted ccm.nu~j ""c" 2 c• 3 
central! oU1er I OE Highlighted Normalized (Nz) OE is lowest crosstalk value lor total_parameter permutation set. 
el wth elec(OE) shin cwlowlsh PSE Boundary On SCR In well Exp Max MaY PSE Bounda~y Nz OE Nz OE On SCR 
(um) wth(um) (um) PDC OE@ 55 OE@: 105 OE\i 70 OE@90 OE@75 QE@95 OE@ 80 Max OE Nz@ 55 Nz@ 105 Nz@70 Nz@90 
0.4 1.6 0 13 2 626E-04 4.073E-04 0.0428 0.0423 02609 0.2832 0.4247 0.4247 6.183E-04 9.589E-04 01007 00995 
0 4 1.6 1 13 1 2 308E-04 2 310E-O-' 0.0209 0.0211 0.2247 0.2267 0.3978 0.3978 5.802E-04 5.807E-04 0.0526 0.053C· 
0.4 16 2 132 2.320E-04 2.632E-04 0.0193 0.019-' 0.1767 01799 0.3832 03833 6052E-04 6.866E-04 0.0505 0.0505 
0.4 16 3 13.3- 2.591E-O.! 3.0. 1E-04 0.0210 0.0205 0.1295 0.1301 0.34.,2 0.3472 7462E-04 8672E-04 0.0605 0.0503 
0.4 1.6 4 13.4 2.373E-04 2.593E-04 0.0233 0.0237 0.0871 0.0873 0 2989 0.2989 7.938E·04 8.67"E-04 0.0780 0.0751 
0.4 1 6 5 13.5 2 938E·04 2.995E-04 0.0290 0.0302 0.0510 0.0558 0.2508 0 2506 1 171 E·03 1194E-03 0 1156 0.120" 
0 4 1.6 6 13.~- 2.948E-04 3 405E·04 0.0310 0.0345 0.0403 0.0448 0.1777 0.1777 1659E-03 1.916E-03 0.1747 0.1940 
0.4 1.6 7 13 7 4.010E-O.: 3.868E-04 0.0384 0.0384 0 0399 0.0399 0.1134 0 1134 3 535E-03 3411 E-03 0 3388 0.3388 
0.4 16 8 13.8 2.997E-04 3.12SE·04 0.0314 0.0315 0.0313 00315 0.0482 00482 6217E-03 6482E-03 06511 0.6527 
0 4 3 2 0 14 8 785E·05 1379E·04 0.0118 0.0124 0.1974 0 1986 0 3925 0 3925 2.238E-04 3.513E-04 0.0302 0.0317 
0 4 3 2 1 14.1 6 524E·05 8.748E·05 0.0067 0.0074 C. 1497 0.1461 0.3592 0.3592 1.816E-04. 2.436E-04 0.0187 0.0205 
04 3.2 2 1-'.2 1.038E-04 1.019E-04 00086 0.0073 01034 01000 03156 0.3156 3289E-04 3229E-04 0.0272 00232 
o 4 3.2 3 143 1 139E-O~ I 1.262E·O" o 0088 o.oo8- o.055" o.o571 0.2712 0.2112 4 200E-04 4.653:::-04 o.0324 o.0321 
0" 3 2 .:: ·4 4 1 049E-::><~ 1 164E-0" 0.0105 0 010:0 0.0348 0.0330 0.1978 0 1978 5.302E-O~ 5.883E-04 0.0533 0.0533 
04 32 I 5 14.5 1223E-G4 1 259E-OG 0.0:25 0.0124 0.0216 0.0207 0.1379 0.1379 8871E-04 9.206E-04 0.0913 0.0895 
0.4 32 I 6 1-' 6 1249E-04 2 175E-04 0.0126 0.0126 0.0162 0.0155 0.0710 0.0710 1 758E-03 3 062E-03 0.1768 0 1779 
0.8 0.2 0 20 1 477E-03 1.926E-03 0.1525 01530 0.3902 0.3908 04871 0.4871 3031E-03 3.954E-03 0.3131 0.3140 
0 8 02 1 20.1 8.716E-04 8.954E-04 0 0814 0.0805 0.3221 0.3240 0.465& 0.4659 1.871E-03 1.922E-03 0.1746 0.1727 
0.8 02 2 20.2 9.599E-Oa 9 7<:5E-04 0.0735 0.0739 0.2756 0.2775 0 4502 0.4502 2.132E-03 2 164E-03 0.1633 0.1642 
0.8 02 3 203 1256E-03 1.291E-03 00946 0.0939 0.2412 02361 04259 0.4259 2949E-03 3.030E-03 0.2220 02206 
08 02 4 204 8.932E-04 8.935E-04 00913 00906 0.1945 0.1854 03929 0.3929 2.273E·03 2274E-03 0.2323 02312 
0.8 0.2 5 20.5 1.029E-03 1.068E-03 0 1030 0. 1033 0.1579 0.1563 0.3533 0 3533 2 912E-03 3.022E-03 0.2915 0 2923 
0.6 02 6 206 1265E-03I2069E-D3 01213 0.1212 0.1397 0.138. 0.3117 0.3117 4056E-03 6637E-03 03893 0388-
0 8 0.2 7 20 7 1 45.:E-03 I · .494E-03 0.147<: 0.1C5 0.1 475 1 0 14"""- 0.2532 0.2532 5 784E-03 5 902E·03 0.5821 0 5826 
0.8 0.2 1 8 2o.a 17SGE-D3IL851E-03 0.176slo 1770 o.113o 0.1737 01982 o. - 982 9027E-03 9339E-03 0.8902 0.8927 
08 0.2 I s 20.5 2082E-03I2.336E-03 02C43 0.2049 0.2016 0.2027 0.1790 02049 1.016E-02 1140E·02 0.9971 10000 
08 0.4 0 21 9437E-04IS240E-O.: 01182 01161 0.3649 03656 0.4811 0."811 1.962E-03 1921E·03 02457 024 13 
0.8 04 1 21.1 7466E-04 7.425E-04 0.0669 00651 0.3093 0.3109 04614 045·4 1.618E-03 1.609E-03 0.1449 0.1410 
0 8 0 a 2 21 2 7 297E-Ot. 9.058E-04 0 0607 0.0608 0.2636 0 2626 0 "440 0 4440 1 644E-03 2.040E-D3 0.1367 0 1370 
0.8 0.4 3 21.3 9.009E-04 1.1 08E-03 0.0656 0.0720 0.2226 02249 0.4057 04057 2.221E-03 2.730E-03 0.1617 0.1776 
0 6 0 4 4 21.4 8 249E·0" 9 315E-04 0.0812 0.0823 0.1706 0.1802 0.3778 0 3778 2.183E-03 2465E-03 0.2150 0.2178 
08 04 5 21.5 8744E-04I8785E-04 0.0849 0.0861 0.1383 0.1396 0.3401 0.340. 2.571E-03 2583E-03 02497 02530 
08 0" 6 21.6 1037E-03 1 030E-03 01018 0.1016 0.1191 0.1196 0.293" 02934 3534E-03 3.5101=-03 03469 03464 
0 8 o . .: 7 2~ 7 1.245E-03I1 .296E-03 0 1237 0.1277 0 ·235 0 1283 0 2326 0.2326 5 353E-03 5 570E-03 0 53~8 0 5"-91 
0.8 OA 8 21.8 1533E-03I1706c-{)3 0.1-'79 0166. 01452 0.1626 01798 0.1798 8524E-03 9487E-03 08227 09237 
06 0.-' I s 21 9 2 002E-03I 1 643E-03 0.1613 0.1617 01598 0160- 0 14A9 01617 1 238E.Q2 1.016E-02 09973 10000 
0 8 0.8 I 0 22 6 724E-04 6.086E-Q<! 0.0812 0 0838 0.3507 0.3401 0 4705 04705 1429E-03 1 294E-03 0.1725 0 1781 
0.6 0.8 1 22.1 5.065E-04 5.154E-04 0.0483 00476 02944 0.2915 0432" 04324 1.176E-03 1.192E-03 0.1116 0.1100 
0.8 0.8 2 22.2 5.040E-04 5.933E-04 0.0424 0.0425 0.2363 0 2377 0 4347 0 4347 1 159E-03 I 1.365E-03 0.0976 0 0977 
0.8 0.8 3 22.3 5 344E-04 6.206E-04 0 0433 0 0430 0.1969 0.1871 0.3957 0.3957 1 351 E-03 1 .56BE·03 0.1095 0.1088 
0.6 0.8 4 22.4 5.042E-04 5.030E-04 0.0497 0.0494 0.1440 0.1438 0.3574 0.3574 1.411 E-03 1.407E·03 0.1389 0.1381 
0.8 0.8 I 5 22.5 5921E-04 6.131E-04 00594 00588 01049 01012 03233 03233 1832E-03 1.897E-03 0.1839 0.1818 
0 6 0.8 6 22.6 6.867E-04 6.911 E-04 0.0696 0.0707 0.08"1 0.0864 0.2595 02595 2.647E-03 2 663E-03 0.2581 0 2723 
0.8 0.8 7 22.7 8.873E-O<: I8.803E-O<: 0.0863 0 0880 0.0876 0.0888 0.1958 0.1958 4 533E-03 4 <:97E-03 0.4.406 0.4495 
08 0.8 8 22.8 1049E-03 1031E-03 0.1015 0.1016 0.1008!01002 01391 0.1391 7.545E-03 741iE-03 0.7295 07305 
0.8 1.6 0 23 2.671 E-04 4 359E·O<! 0.0446 0.0449 0.2905 0 2909 0.4553 0 4553 6.306E-04 9 573E-OG 0.0979 0.0986 
08 1.6 1 231 2534E-04 2.550c-C<: 0.0230 0.0231 02518 0.2414 0.4220 0.4220 6.005E-04 6.042E-04 0.0546 0.0548 
0 6 1.6 2 23.2 2.663E-04 3.348c-04 0.0209 0 0209 0.1958 0.1936 0.3906 0.3906 6.819E-04 8 573E-04 0.0536 0.0536 
0.8 1.6 3 23.3 3.093E-04 3 138E-04 0.0229 0.0228 0.1443 0. 1347 0.3702 0.3702 8.356E·04 6476E-04 0.0620 0 0616 
0.8 1.6 4 23.4 2.705E-04 2 775E-04 0.0260 0.0279 0.0938 0.0956 0.3209 0.3209 8.428E·04 8.648E-04 0.0811 0 0868 
0.8 1.6 5 23.5 3337E-04 3.774E-04 0.0331 00373 0.0586 0.0685 0.2691 0.2691 1 240E·03 1.403E-03 0.1229 01384 
0.8 1.6 6 23.6 3 743E-04 3.823E-04 0.0372 0 0372 0.0479 0.0482 0.2010 0.2010 1.862E-03 1 902E-03 0 1851 0 1853 
0.8 1.6 7 23.7 A 379E-04 4.565c-04 0.0447 0.0447 0.0463 0.0463 0.1359 0.1359 3.222E-03 3 359E-03 0.3286 0.3266 
0.8 3.2 0 24 9.095E-05 1.551E-0" 0.0133 0.0139 0.2112 0 2167 0.4025 0 4025 2.259E-04 3.852E-04 0.0332 0.0345 
0.8 3.2 1 241 7 847E-05 S.2S1E-05 0.007.: 0.0084 01605 0 1492 0.3872 03072 2.026E-04 2.399E-04 0.0191 00218 
0.8 3 2 2 24 2 9 707E-05 1 299E-04 0.0081 O.oos- 0.1075 0.1156 0.3350 0 3350 2 897E·0" 3 876E-04 0.024 • 0.0289 
0.8 3 2 3 24.3 1 158E-0411 504E-Q4 0.0091 0.0090 0.0491 0 0510 0.3154 0.3154 3 671E·04 4 769F-04 0.0287 0.0285 
0.8 3.2 4 2G.4 1 249c-04 1 205E-04 0.0120 0.0119 0.0386 0.036~ 0.2257 0.2257 5.534E-04 5 341 E-0" 0.0532 0.0526 
0.8 3.2 5 24.5 1.614E-04 2.593E-04 0.0155 0.0153 0.0268 0.0254 0 1585 0.1585 1.018E-03 1 636E-03 o 0960 0 0963 
08 3.2 6 24 6 1592E-04 1.566E-04 0.0156 0.0154 0.0200 00190 0.0877 0.0877 1.814E-03 1 785E-03 0.1775 0. 1760 
1.6 0.2 0 30 1 747E-03 2.055E-03 0 1629 0 1647 0.4096 0.4108 0.4642 0 4642 3.764E-03 4 427E-03 0 3509 0.3549 
1.6 0.2 1 30.1 1.011 E-03 1.016E-03 0 0885 0 0874 0.3456 0.3492 0.4426 0.4426 2.285E-03 2.295E-03 0.2000 0. 1974 
16 0.2 2 30.2 1.021E-03 1.068E-03 00805 00809 0.2989 0.3003 04314 04314 2366E-03 2475E-03 0.1865 0. 1874 
16 0.2 3 30.3 1338E-03 1.502E-03 0. 1048 0.1043 0.2624 0.2634 0.3947 0.3947 3391E-03 3807E-03 0.265" 0.2642 
1.6 0.2 4 30.4 1 .007E-03 1.028E-03 0.1024 0.1016 0.2094 0.2098 0.3916 0.3916 2 572E-03 2.626E-03 0.2616 0.2595 
1.6 0.2 5 30.5 1180E-03 1.177E-03 0 1178 0.•183 0.1736 0.1745 0.3647 0.3847 3236E-03 3229E-03 0.3230 0.3243 
1.6 o 2 1 6 30.6 1 403E-03 1 44Bc-03 o.1403 o.1408 o. 15831 o.1590 o.3295 o.3295 4.257E-03 4.395E-03 0.4258 o 4273 
15 0.2 I 7 30.7 1723E-03 1.734E-03 0.1725 0.1722 0.1 708 01707 0.2773 0.2773 6214E-03 6.254E-03 0.6224 0.6210 
16 02 1 6 30.8 2104E-03 2253!::-03 021s7 0.21ss o.212"10.211e o.2310 o.23·o 9108E-03 975"E·03 o.s38o o.s388 
PDC = <n><m>.<Shnnk d1stance (um)>: central ew = 0.2•2An: sh1eld1no ew = 0.2·2Am (um). 
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APPENDIX IX.3 ·RESULTS- SJPD I 
centra I outt:r I OE Bolded values represent lowest relative crosslal~ for each shift permutation set. 
e wtn e ec(OE) sh1ft CWIO'N,Sh PSE 6oundarv OnSC~ lr, wen Exp Max Max "'SE Boundary t.;z OE NzQEOn SCR 
(urn) wth(um} ul"1J PDC OE ~55 OE@ 105 CE~ 70 OE~ 9 0 OE~ ?SlOE~ 9 5 OE<G 80 l~a>: OE 1\z ~55 Nz@ 105 Nz@70 Nz@90 
1.6 04 0 31 9 876E-04 S.937E-O~ 0 1252 01239 u 3870 0.3896 0.4546 04546 2 173E-D3 2 186E-Q3 02753 o.21r 
~ 04 , 3' 1 7 02AE-0,; 8.039E-04 0.0727 0.0708 0 3337 0.33-2 c 4369 c 4369 1.608E-Q3 1 .840E-Q3 0 1664 0.1621 1 6 04 2 3";.2 8.002E-0-l S 41 1E-Q4 0 066£ 0 0667 0 2832 02848 0421X c 4283 - 868E-03 2 198E-Q3 01556 0.155-
1.6 04 3 31.3 1 022E-Q3 1 135E-03 (j 073> 00727 .9..2367 0 2379 0 4082 0.4082 2.504E-03 2.760E-Q3 01791 0.178' 
1.6 o.:: 4 31 4 9 340E-Q4 9 570E-04 0 0925 o.oe2,; 0 1945 0.1960 0.3664 0 3664 2.5A9E-03 2 612E-03 0 2525 0 2521 
1.6 04 5 31.5 9 6~9E-o~ 1.11'E-03 0.0976 0.0993 I~ 0.1561 0 3552 0 3552 2 70BE-D3 3129E-03 0 2747 0.2795 16 0<1 6 31.6 1 215E-o:; 1 188E-03 0.1169 0 1177 01327 0 1354 0.3170 0 3170 3.833E-03 3.748E-03 0.3689 0.3713 
1.6 04 7 31 7 1 478E-03 1.427E-03 0.1 451 0.1490 0.1 445 0.1492 0.2551 02551 5.794E-03 5 592E-Q3 0.5688 0.5842 
1.6 0.4 8 31 8 1.871E-03 2.037E-D3 0.1869 0.2039 0.1829 0 1990 0 2143 0.2143 6.730E-03 S.505E-03 0 8720 0.9515 
4 08 0 32 6 487E-04 6 665E-04 0.0870 0.0920 0.3590 0.3611 0.4495 04495 1 443E-03 1 483E-03 0 1935 0.2048 1 6 0.8 1 32.1 5.605E-04 5.892E-04 0.0529 0 0532 0.3079 0.3089 0.4326 0 4326 1.296E-Q3 1.362E-03 0 1222 0.1231 
1.6 0.8 2 322 5.855E-04 6.634E-Q4 0.0471 00472 0.2601 0.2516 0 4157 0 4157 1 408E-03 1 596E-03 0.1133 0.1135 
1.6 0.8 3 32.3 6 402E-O~ 7 662E-04 0.0486 0.0482 0 2067 0.2071 0.3978 0.3978 1.609E-03 1.926E-03 0 1221 0.1211 
1 6 0.8 4 32 4 5 825E-Oc 5 745E-Q4 0.0563 0.0564 0 1560 0.1577 0.3694 0.369<l 1.577E-03 1.555E-03 0.1523 0.1527 
1 6 0.8 5 32.5 6.516E-Q4 691 iE-Q,; 0.0675 0 0679 0.1156 0 1195 0.3340 0.3340 1 951 E-03 2 069E-03 02022 0.2032 
1.6 0.8 6 32 6 9 965E-Q4 9.158!':-04 0.0822 0 0866 0 0976 0.1037 02840 0.2840 3.509E-03 3 225E-03 02893 03049 
1.6 0.8 7 32 7 1.062E-03 1.069E-Q3 0 1063 0 1085 0 10?a 01090 0.2222 0.2222 ~ 760E-03 4.812E-03 0.4786 04882 
1.6 08 8 32 8 1 426E-D3j1 340E-03 0.1366 01366 01352 0.1342 0 1737 0 1737 a 20BE-03 1 7 711E-03 0 7864 0.7862 
1.6 1.6 I 0 33 2 995E-04 14 881 E-04 0.0495 0 0490 0 3156 03170 0.4326 0.4328 6921E-04 1 128E-03 0.1 145 0.1132 
1.6 1.6 1 331 2 AOOE-0,; 2 .811E-D" 0.0254 0.0256 02614 0 2632 04182 o-< -a2 5.739E-04 I 6.720E-04 0.0607 0.0611 
'6 1.6 2 33 2 2 958E-Q4 3.429E-04 0.0234 00242 02064 0 2096 03959 0.3969 7 453E-04 8 640E-Q~ 0.0589 0.0611 
1.6 1 6 3 33 3 3 494E-Q4 " 118E-Q4 0.0256 0 0263 01515 0 1564 0.3753 0.3753 9.310E-04 1 097E-03 0.0681 0.0755 
1 6 1.6 4 33 4 3.026E-04 5 238!::-Qd 0.0311 00309 01042 01066 0.33'2 03372 8.976E-04 1 554E-03 00923 0.0915 
16 1.6 5 33 5 3 890E-04 4 202E-Q4 0.0405 o.o,;os 0.0716 0 0726 0.2930 0.2930 L328E-Q3 1.434E-03 0 1380 0.1360 
1.6 1.6 6 33.6 4 369E-Oa 4 259E-Q4 O.OA 15 ooq6 0.0530 0.0534 0.2324 0.2324 1.889E-Q3 1.833E-03 0. 1787 0.1792 
1 6 1 6 7 33 7 5 939E-04 5935E-04 0.0586 0.0587 0.0606 0.0606 0.1635 01635 3 632E-03 3 629E-03 0.3586 0.3590 
1.6 3.2 0 34 1 293E-Q4 1.638E-04 0.0144 0 0145 o 2251 1 o 22a5 0.4080 0.4080 3.168E-04 4 015E-04 0.0353 0 0355 
1.6 I 3.2 1 34 1 8475E-05 9.996E-05 00085 0.0084 0. 1713 0.1689 0.3839 0 3839 2.208E-04 2.604E-04 0.0222 0.0220 
1.6 3.2 2 34.2 1.2S,;E-04 1.247E-o.: 0.0096 0 0094 0.1190 0.1194 0.3503 0 3503 3.695E-04 3 561E-04 00275 0.0268 
1.6 3.2 3 3.:1 3 1.593E-04 1.726E-04 0.0121 0.0120 0.0747 0.0776 0.3087 03087 5 161E-04 5 590E-04 0.0393 0.0390 
1.6 3.2 4 3" 4 1 277E-04 1.317E-04 0.0132 0.0133 0.0C18 0.0419 0.2579 0 2579 4.952E-04 5 106E-04 0.0512 0.0514 
1.6 3.2 5 34.5 1 939E-04 1 901 E-04 0.0188 O.Dl85 0.0323 0.0307 0.1922 01922 1.008E-03 9891E-04 0.0980 0.0965 
32 0.2 0 40 1 750E-D3 2.232E-03 0 178510 1793 0.3965 0.3965 0.4502 0 4502 3.887E-03 4 956E·03 0.3964 0.3982 
32 02 1 40.1 9 919E-04 1.097E-03 0.0992 0.0965 03403 0.3664 0.4402 04402 2.253E-Q3 2.491 E-03 0 2253 0.2192 
32 0.2 2 40.2 1 110E-03 1 259E-03 0 0899 0.0906 0 3248 0.3157 0.4325 0.4326 2 567E-03 2910E·03 0.2079 0.2095 
32 I 02 3 40.3 1.551 E-03 1 705E-03 0 1179 0.1175 0 2646 0 2825 0 3978 0 3978 3.925E-03 4 286E-03 0 2964 02955 
3 2 I 0.2 I 4 404 1 231 E-03 1 201E-03 0 1183 0 1192 0 2349 02212 0 4173 0 <1173 2 950E-03 2 879E-03 0 2836 0 2857 
32 I 02 5 40.5 1 749E-03 ' .447E-D3 0.1706 0 -,394 o 2210 I o 1s61 03868 0 3868 ~ 522E-03 3741E-03 0.4410 0 3605 
32 02 6 40.6 1 776E-03 1 763E-03 0.1753 0 175. 01898 0.1882 0.361 i 0 3611 4.917E-03 4 881E-03 0 4854 04848 
32 0.2 7 407 2 253E-03 2 21,;E-03 0.2243 0 2239 0 2186 0 2184 0.31 56 0.3156 7 139E-03 7.015E-03 0.7108 0 7096 
32 02 8 ~o 8 3.140E-03I3134E-Q3 0 3144 0 315~ 03060 0 3058 0.3074 0.3154 9 956E-03 9 938E-03 09969 1.0000 
32 04 0 4. 1 100E-03 1 120E-D3 01380 0 1353 04080 0.4~9 04481 0.4481 2 455E-03 I 2 SOOE-03 0 3080 0.3021 
32 04 1 41 1 8 62BE-Q,; 9.126E-Q4 0.0816 0.0794 03313 0.3267 0.4.408 0 ,;4()5 1.957E-Q3 2.070E-Q3 01852 0 1802 
32 o.: 2 "1 2 9.890E-Q4 1.034E-Q3 0.0758 00760 0 2901 02877 04 3<19 0 ,;J49 2 274E-03 2 378E-03 0.1743 0 1748 
32 04 3 413 1 143E-D3 1.590E-Q3 0.08<15 0096.! 02485 0 2493 0.4271 0.427' 2.677E-03 3722E-03 0.1979 0.2257 
32 04 4 41 4 1.315E-D3 1 076E-03 0.1083 0 1083 02041 02033 0.3849 0.3~9 3416E-Q3 2 794E-03 0.2814 0.2815 
32 04 5 41 5 1 183E-03 1 186E-03 01169 0.1172 0 1745 0. 1734 0.3792 0.3792 3121E-Q3 3.128E-03 0 3082 0.3090 
3.2 0.4 6 41 6 1 510E-03 1 554E-03 0.1487 0 1483 0 1649 0 1657 0.3421 0.3421 <~ 415E-03 4 544E-03 0.4347 0.4336 
32 0.4 7 41 7 1 947E-03 1 960E-03 0.1941 0.1990 0 1907 0.1960 0.2899 02899 6 718E-03 6.760E-03 0.6697 0.6865 
3.2 0.8 0 42 9.166E-04 7.368E-D4 0.1022 0 1010 0 3586 0.3810 0 4230 0 4230 2 167E-03 1 742E-03 0 2417 0.2388 
3.2 08 1 42 1 6 171 E-04 6.685E-Q4 0.0603 0.0584 0 3136 0 3054 0 4383 0.4383 1.408E-03 1.525E-03 0.1375 0 1332 
3.2 0.8 2 42 2 6 339E-04 7 680E-04 0.0535 0.0540 0 2707 0 2638 0.4300 0.4300 1 474E-03 1 786E-03 0.1245 0 1257 
3.2 0.8 3 42 .3 6.669E-D4 8 192E-OA 0.0562 0.0564 02292 0 2275 0.4108 0.4108 1.624E-Q3 1 994E-03 0.1369 01373 
32 0.8 4 42 <I 6.683E-04 6.646E-04 0.0668 0.0664 0 1760 0 1735 0.3900 0.3900 1 765E-03 1 704E-03 0.1712 0.1704 
3.2 0.8 5 42.5 6 408E-Q4 1 390E-03 0 0846 0.0840 01373 0.1330 0.3698 0.3698 2274E-03 3 759E-03 0 2287 0.2271 
32 0.8 6 42.6 1.122E-D3 i. 122E-Q3 0.1100 01097 0.1270 0.1279 0.3172 0.3172 3.537E-Q3 3.539E-o3 0.3470 03457 
32 0.8 7 "-2 7 1.493E-03 1.508E-03 0.1 492 01525 0.1 499 01515 0.2777 0.2777 5.375E-D3 5428E-Q3 0.5372 0.5493 
3.2 1.6 0 43 4 112E-Q4 5.584E-Q4 00538 0.0548 0 3264 0.3393 0.4359 0.4359 9.433E-04 1 281E-D3 01233 0.1258 
3.2 1.6 1 <:31 3 256E-Q4 4 080E-O.: 0 02981 0.0358 0.2442 0.2865 0.429,; 0.4294 7.582E-D4 9.502E-D4 0.0694 0.0858 
32 1.6 2 -'3.2 3 372E-04 ,;.542E-Q.: 0 027" 0.0312 0.2077 0.2190 0.4228 0 4228 7.976E-Q4 1 074E-Q3 0.0649 0.0738 
32 1.6 3 43 3 4.05 ~ =.()G <: .310E-Q4 0.03>6 0.031~ 0.1655 0 1658 04039 04039 1.003E-03 1.067E-03 0.0782 0.0778 
32 1.6 4 434 3886E-04 4.029E-~ o.o,;osl o.0403 01249 0.1212 c 3582 0.3682 1.055E-03 1 .09~E-03 0.1104 o -093 
32 1.6 5 43 5 4 750E-04 4963E-Q4 0 OA92 O.OA91 0.0779 0.0755 0.3539 0.3539 1 342E-D3 1 408E-Q3 0.1391 01389 
32 1.6 6 43 6 6 602E-04 6.337E-Q4 00639 0.0642 0.0801 00806 0.2738 02738 2 41 1E-D3 2 315E-03 02335 0.2346 
32 32 0 44 1 272"'-0" 2.02<:E-04 00174f 00180 0.2345 0234- 0.4245 0 4245 2.956E-04 I 4 767E-04 O.OA 11 0 0424 
32 32 1 44 1 1 168E-J4 1 253E-04 0.0108 0.0114 0 1818 0.180~ 0.4104 0 4~04 2.846E-Q4 I 3.053E-Q4 0.0264 0.0278 
32 32 I 2 44.2 • 172F-Q4 1 468E-Q4 0.0100 0.0097 0 0991 0 1019 0 <10 14 0.4014 2 920E-0" I 3.657E-04 0 0248 0 0243 
32 32 3 443 1 914--Q4 2 043E-04 0.0141 0.014~ 0.0720 0.0725 0 3704 0.3704 5167E-Q4 I 5517E-04 0.0361 00378 
3.2 3.2 4 44,; 2 031 E-04 2.126E-04 0.0197 0.0198 0.0613 0.0606 0.2966 0.2966 6.850E-D4 7.167E-Q4 0.0666 0.0667 
32 3.2 5 4<!5 2.871 E-04 2.789E-04 0.0280 0 0275 0.049c 0.0475 02369 0236!? 1 212E-03 1 1. -nE-03 0.1183 0.1162 
PDC- <n><m>.<shnnk distance lumh: central ew = 0.2 2"n: sh1eldmo ew- 0.2.2"m {um). 
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Bl SJPD PSE 3 electrodes on n-well: Image electrode (IE) QE dependence on substrate depth, n-well and p-substrate dopino. 
Subs: I P-subs: n-wcll well depth = 2 um, re1erse bias= 2 volts: n-wel! electrode wictn = 4 ~m. outer electrodes end 1 um from well wall· 5 um beam (633 nm) 
dep:h doping oop1ng sdpdtnd DSE Bounda'Y OnSCR near PSE centre Exo Max PSE Boundary Nz CE well wall Nz QE 
tum: (h.ml le1ml' PDC OE ~55 OE ~ · o5 OE ~ 70 OE ~ 90 QE~75 OE~·95 OE~SO rt.axOE a: 55 altOS at70 at90 
3 1 E-1A t.E-16 3~ 6 1.669E·C4 t.648E·04 8 360E-03 a aoaE-o3 0.1340 0.1362 0.4655 0.4655 3 585E-04 3541E-04 0.017962 0.018184 
3 t.E-14 t.E-17 34.7 1.737E-04 1.688E·04 8 963E-03 9 014E·03 01526 0.1549 0.5061 0.5061 3431E-04 3.335E-04 0.017708 0.017809 
3 1.E- 14 t.E- 18 34 8 1.829E·O~ 1.807E-04 9.374E-03 9 418E-03 01557 01582 05109 0.5109 3.579E-04 3.537E-04 0.018347 0.018433 
3 1.E-14 l.E..-19 3-<:9 1.681 E-0~ 1770E·04 9 562E-03 9 765E-Q3 01562 0158- 0.5098 0 5098 3.689E-04 3472E-04 0.01&993 0.019157 
3 t.E-15 ; E-16 35.6 8.506E-05 6.687E-05 9.362E-03 7 493E·03 0.1745 0.1542 0.528< 0.5284 1 610E-04 1 265E-04 0 017715 0.01A179 
3 t.E-15 t.E-t7 35.7 1.067E-04 8.523E-05 1.099E-02 8 779E·03 01744 0 1539 0.5138 0.5138 2.077E·04 1 659E-04 0 021398 0.017086 
3 1 E-15 1 E-18 35 8 1 t28E·O< 8.813E·05 1 150E-02 9 230E-03 01751 01544 0.5124 0.5124 2 202E-04 1.720E-04 0 022446 0.018015 
3 t.E-15 t.E-19 35 9 1.i56E-04 9.256E-05 • 190E·02 9.354E·03 01753 0.1547 o.5;os 0.5108 2.263E-04 1.812E-04 0 023306 0 018331 
3 • E-16: 1 ETi6 366 3 126E·05 2.917E·05 3.673E-03 3 789E·03 01590 0.1507 0.5929 0.5929 5.273E·05 4 919E-05 0 006194 0.006391 
3 1 E-16 1 E-17 36 7 7 t75E·05 6955E·05 7.541E·03 7 716E·03 0.1579 01502 0.5292 05292 1 356E-04 1.31 aE-04 0 014251 0.014579 
3 1.E+16 t.E-18 36.8 8.032E-OSI7.57t E-05 8.425E·03 8 554E-03 01576 01499 05195 0.5195 1 546E-04 1 457E-04 0 016218 0016467 
3 I1.E-t5 1 E-15 36 9 8.700E-05 8.05iE-05 8.666E-03 8.797E·03 0.1576 0.150~ 0.5176 0.5176 t.681E-04 1 558E-O<! 0 01674<! 0 016996 
3 1 ;:- 17 1 E-16 3:'.6 1.968E·05 2.3~8E·05 3.39~E-03 3.336;:·03 01771 01767 05867 0.5667 3.354E-05I4 054~·05 0.005786 0.005666 
3 1 E-~ I 1 E•17 37 7 ~ 255E-05 6.306E-05 7 786E-03 7.640E-03 0.1779 0.1772 0.5276 0.5276 8.064E-05 1.195E·04 0 01475710.014480 
3 1.E~i7 1.E-18 37.8 5 355E·05 7 782E·05 9.503E-03 9.334E-03 0.1764 01757 0.5062 0.5062 1 058E·0" 1.537E·04 0018773 0.018439 
3 t.E-.17 1 E-19 37 9 5.552E·05 8.528E-05 9.888E-03 9 742E-o3 0 1763 0.1755 0.5020 0.5020 1 t06E-Q4 1.699E-Q4 0 019€95 0.019405 
3 , E- ·e 1 E-16 38 E t.820E-05 2 195E·05 3 245E·C3 318:-E-03 0.1773 01770 0 5884 05884 3.093E-05 3 73' E-os 0.0055'~ 0.005417 
3 LE-t8lt.E·17 38 7 3.942!:-05 5 5.:oE-os 7 450E•031 7 313E-03 0.1790 0.1783 0.5311 0.5311 7 424E-05 1 100E-Q4 0 014028 0.013771 
3 1 E-18 t.E-18 388 5 092E·05 7.390E-05 9 331 E-03 9 124E-03 0.1781 0.1774 05090 0.5090 1 OOOE-04 1 452E·04 0018331 0.017923 
3 t.E~t6 t.E-19 38 9 5 445E·05 8 34<!E-05 9.890E-03 9 708E·03 0.1777 0 1770 05020 0.5020 1.085E·04 1 662E·04 0 019701 0.019338 
3 1 E- 19 1 E-16 39.6 1.779E-OSI2 ta7E-05 3 203E-03 3.147!:-03 0.1774 0.1770 0.5890 05890 f3.02t£-Q5 3.645£-05 o 005~38 I o 005343 
3 1 E- t~ 1 E- 17 39, 3.884E-05 5.755E-05 7.386E·03I7256E-o3 o 179t I o 1784 0.5316 0 5316 7 307E·05 1 083E-04 0.013895 0.013650 
3 1.E- 19 1.E-18 39.8 4 976E·05 7220E·C5 9 204E-03 9.001E·03 0.1785 0.1778 0 5101 0.5101, 9 754E-05 1415E·04 0.018042 0.017844 
3 1.E-i9 1 E-19 39 9 5.351 E-051 8 199E-05 9 822E-03 9 647E·03 01781 0.1774 0.5025 0 5025 1'065E·04 1 632E-04 0.019547 0.019198 
4 t.E-14 1 E-16 446 4.093E-04 2 66' E-04 1 210E·02 1.156E-Q2 0.2041 0.1922 0.6474 0 6474 6 322E·04 "110E-04 0.019516 0.017887 
4 1 E- i4 1 E-t- 44 7 4.32' E-04 2 905E·04 1.278c-02 i 173!:-Q2 0.2042 01922 0.646' 0.6461 6.688E-04 4 497E-04 0.019781 0.018155 
a t.E- 14 1.ETi8 44.6 4 524E·04 3.t24E-04 1.311 E-02 1.203E-02 0.2044 01928 0.6444 0.6444 7.020E-04 4 848E-04 0 020349 0.018657 
4 1 E-·a 1 E-19 44 .9 4.674E-04 3.234E·04 1.350E·02 1 242E-02 0.2060 01933 0.6431 0.6431 7.268E-04 5.029E-04 0.020987 0 019314 
4 tE-15 1 ET16 45.6 1.705E-o.: 1500E-04 8.668E-03 7.610E·03 0 2107 01911 06666 0.6666 2 558E-04 2 250E-Q4 0.013033 0.01'416 
" 
1 E- 15 1 E-17 45 7 2.538E-04 2.114 c-04 1.151 E-02 9 998E·03 02123 01928 06443 0 6443 3 938E·04 3282E·04 0017863 0.015517 
4 1.E-'5 1 E-18 45 6 2.670E-04 2 255E-04 1.223E·02 1.062E-02 0.2132 0.1935 0.6418 0.6418 4161 E-04 3.514E-04 0.019052 0.016550 
4 1 E~15 1 E.,.19 45 9 2.778E·04 2 346E-04 1.253E·02 1.t04E·02 0.2136 0.1942 0 6399 0.6399 4 341 E-04 3.666E-04 0.019739 0.017248 
4 1 E-16 1 E- 16 46.6 9 519E-05 9 532E-05 6.<14E-03 
€ 809E·03 02005 02004 0 6906 0.6906 1 378E-04 1.380E-04 0.009288 0.009850 
4 1 E- ·6 1 E~17 46.7 1 9BOE-04 1 845E-04 1 092E-02 1.140E-02 0.2021 02027 0 6419 0.6419 3.084E-04 2 874E-04 0.017007 O.Ql 7755 
4 1 E-'6 1 E-·a 468 2 '84E·04 2.023E·O• 1 178E-02 119;F-02 02024 0.2029 0.6349 0.6349 3 441 E-04 3 187E·04 0018554 0.018759 
4 1 E•16 1.E-t9 46.9 2.216E-04 2.050E·04 1 2t 9E-02 1.242E·02 0.2028 0 2033 0.6326 0.6326 3.504E-04 3.240E-04 0.019274 0.019634 
4 1 E-i7 t.E-16 47.6 1.266E-04 8.669E·05 9.321 E-03 9.247E-03 0 2223 02212 0.6590 0.6590 1.921 E-04 1 3t5E-04 0.014143 0 014031 
4 1 E- ·- 1 E-F 47 7 2 48iE·04 t.599E·04 1 426E·02 1 3S2E-02 02241 02235 0 6160 06160 4 02BE-04 2 59SE·04 0.02315210 022596 
4 1 E- 1· 1 E-i8 47.8 2 787E-04 2.017E-04 1.572E·02 1 529E-02 0 2238 02226 0 6024 06024 4.626E·04 3347E-04 0.026096 0.025377 
4 1.E-H 1 E-19 47.9 2.959E·04 1 851 E-04 1.615E·02 1 567E-02 0.2238 0 2227 0 5993 0.5993 4.936E-04 3.088E-04 0.026950 0.026144 
4 1 E ... t8 1 E-16 48.6 1 275E·O• 8.732E-05 9 552E·03 S 480E-03 0.2230 0.2219 0.6583 0.6583 1.937E-04 1.326E-04 0.014510 0.014401 
4 1 E-18 1 E-17 48.7 2533E-04 1 637E-04 1.497E-02 1.464E-02 0.2260 0.2255 0 6137 06137 4 128E-Q4 2 657E·04 0.024385 0 023862 
4 1 E- 18 1 E-18 48.8 2.936E-Q4 2.127E-04 1 710E-02 1.686E-02 0.2268 02257 0.5974 05974 4 915E-Q4 3.561 E-QA 0.028621 0.027890 
4 1 E-18 1 E~:e 48.9 3 153E-04 i.977E-04 1 763E-02 1 715E-02 0.2266 0.2254 0.5927 0.5927 5.319E-04 3.336E·0" 0.029749 0.028930 
4 1.E.,.19 1 E.,.16 49.6 1.276E-04 8.7•1 E-05 9.597E-03 9.527E·03 0 2231 02220 0.6583 0.6583 1.93BE-04 1 328E-04 0.014580 0.014473 
4 t.E- 19 t.E•17 49.7 2.544E-04 1.645E·O• 1.509E-02 1.477E·02 0.2264 0.2258 0.6,33 0 6133 4 148E-04 2 682E-Q4 0.024805 0 024089 
4 1 E-'9 1 E•18 49 8 2.950E·04 2.i39E·04 1 729!:-02 1.666E-02 o 2274 1 0.22s2 0.5968 0.5968 4 943E-04 3.583!:-()4 0.028976 0 028248 
4 1 E-'9 1 E-15 49 9 3.203E-04 2.010E-O<: 1.804E-02 • 755E·02 0.2273 0.2252 05911 05911 5.4 i 9E-Q4 3 401 E·O• 0.030517 0.029695 
PDC- <SUbs! depth (um)><p>.<n> : N,- 1 El10+o\ lh/ml): Nn- 1 El1 O+n) (e/ml). 
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APPENDIX X.2: RESULTS- SJPD 
Bl SJPD PSE 3 eleclrodes on n-well: Image eleclrode (IE OE dependence on s•rbslrate depth. n-well and p-substrate doping cont. paae 2 /2. 
SubS! P·SUOSl n-well well deplh = 2 um: reverse bias= 2 volts: n-.vell elewocie wodlh = 4 um; outer electrod~s end 1 um from well wall, 5 um beam (633 nm). 
deptr dopmg doping sdtpd,'nd PSE Bounaarv OnSCR near PSE centre Exp Max PSE Bound a NzOE 
-.-ell wall Nz OE 
umi th.:nr (e.·ml PDC QE ~55 OE G 105 ::JE ~ 70 OE ~ 90 OE~~5 OE4'i95 OE!ii80 MaxQE al55 at 105 at 70 at90 
5 1 E-14 1.E-16 5~.6 7 487E-04 5.207E-04 1.767E-02 1.660E-02 02329 0.2306 0.7324 0.7324 1.022E-03 - 110E-Oa 0.024124 0.022670 
5 1 E-14 1.E-17 54.7 8.157E·04 5.839E·04 1.780E·02 1.676E-02 0.2323 02304 0.7287 0.7287 1.1 i9E-03 8.012E-04 0.024420 0022993 
5 1 E:+14 1.E+18 54.8 8.458E-04 5.826E-04 1.819E-02 1.731E-02 02340 0 .2304 0.7264 0.7264 1 164E-03 8.021 E-04 0.025043 0.023827 
5 1 E-14 1 E-19 54.9 8.823E·04 6.025E-04 i.864E-02 1 769E-02 0.2328 0.2315 0.7243 0.7243 1.218E-03 8 318E-04 0.025730 0.024423 
5 11 E-15 1.E-16 55.6 3531E-04 2.129E-Oa 1121E-02 9.969E-03 0.2365 0 2125 0 7326 0 7326 4.820E-O< 2 906E-04 0.015303 0.013609 
5 1 E-15 ' E-1~ 55.7 ~ 511 E-04 :;ooaE-oa 1 .lOQE--()2 1231E-02 0.2382 0.2149 0 7152 0.7152 6447E-04 4 284E-04 0.019571 0 017208 
5 1.E-'5 1.E-18 55.8 5 032E·0' 3 151E·04 1.470E·02 1.316E·02 02406 0.2156 0.7123 0.7123 7 OS~E-04 4 423E·04 0.020632 o.o1e4n 
5 1 E-15 1 E-19 55.9 5 154E·04 3.450E·04 1.515E-02 1.364E·02 0.2408 0.2161 0.7108 0.7108 7.251E-04 a 853E·04 0.021320 0.019187 
- 5 LE- 16 1.E-1 6 55.6 3.515E·04 2 790E·04 1.593E·02 1.657E-02 0.2376 0 2282 0.7155 0.7158 5.050E-04 3 898E-04 0.022251 0.023147 
5 1 E-' 6 1 E-17 56.7 5. ~95E·04 a 14-"E·O~ 2.003E-02 2.103E-02 0.2412 02314 0 6821 0.6621 7 61 8E·0416 075E·04 0 029370 0.030829 
5 1 E- 15 1 E-18 55.6 5 702E·O~ I ~ 175E·04 2.080E-02 2.162E-02 0.2409 0.2318 0.6771 0.5771 8 422E-Ol 6 167E·04 0.030726 0.031934 
5 1 E~16 1.E-19 56.9 5 830E·G4 a 154E-O.<: 2120E·02, 2 157E·02 02412 0.2322 0.6755 0.6~55 8.720E-0:!. 6 165E-O.<: 0 031380 0.032528 
5 1 E+17 1 E-16 57.6 4.659E·04 4 479E·04 2 494E-02 2.501E·02 0.2597 0.2596 0.6628 0.6628 ~ 029E-0416 758E·04 0.037624 0 037736 
5 1 E- 17 1.E-17 57 7 6 288E-04 8 062E-04 2 950E·02 2 963E·02 0 2620 02521 06320 0.6320 f.l949E·O• I1 276E-03 0 046828 0 046874 
5 1 E-1~ l.E-16 57.6 6 ·,33E-04 6 438E·04 3.033E-02 3 027E·02 0 2601 0.2515 0.6244 0.6244 9 823E-Otj_1 031 E-03 0.048571 0.048486 
5 1 E-17 lE-19 57 g 5.946E·O~ 6.833E·O" 3.070E-02 3.072E·02 0.2608 0.2516 0.6222 0 6222 1 116t:-o3_[_ 1 098E·03 0.049348 0.049373 
5 1 E-18 1 E- 15 58.6 ~ 607E-Cc 4 622E·04 2 566E-02 2.573E-()2 0 2604 02502 0 6505 06605 7 277E-04I6 998E·O< 0.038847 0 038951 
5 1 E-18 l.E-17 58 7 6 775E·04 8 705E·04 3 165E·02 3171 E·02 0.2637 02638 0.6262 06262 1.082F-03 1 390E-03 0.050543 0 050648 
5 1 E~1 B 1.E-18 56.8 6 894E-O.<: 7.252E-04 3370E-02 3 368E-02 0 2629 0.2543 0.61 43 0.6143 1 122E·03 1 180E-03 0.054656 0.054820 
5 1.E-18 1.E+19 sag 7 823E-04 7.714E-04 3409E-02 3 415E·02 02634 0 .2642 0.611 4 06114 1 279E-03 1 262E·03 0.055761 0 055852 
5 f 1.E- 19 1.E-16 55.6 4 841 E-04f4.655i::-04 2 5a2E-o2 2.589E·02 o 2sos 1 o 2504 06601 0.6601 7 33"-E-04 7 053E·O-" 0.039112 0.039227 
5 1 E-1 9 1.E-'7 59.7 6.862E·04 8.823!:·04 3 200E·02 3.207E-02 02640 0.2641 0.6252 0.6252 1 098E·0311 411 E-03 0051182 0.051300 
5 1 ETlS 1.E-1 8 59.6 7.036E-04 17 403E-04 3430E·02 3 426E·02 0 2633 0 2548 06128 0.6126 1 14SE·03 1 208E-03 0.055965 0 055940 
5 i E-19f1.E-19 52.9 B.087E-04 7.978E-04 3.507E·02 3 513E·02 0.2641 02549 0.6066 0.6086 1 329E-03 1 311E-03 0.057618 0 057723 
6 1.E-1 4 f1.E-1 6 64 .6 1.037E·031 9.637E·04 2 262E-02 2 090E-02 0.2650 0 2534 0.7891 0 7891 1 314E-03 1 221 E-03 0 0285691 0 026492 
6 1 E-14 I 1.F-1 7 64 7 1 130E-C3 1.082E·03 2 296E-02 2 132E-02 o 2642 I o 2528 07843 0 78~3 1 440E·03 1 380E·03 0029297 0.027183 
6 1.E-14I1 E-16 64.6 1 162E-03 1 125E·03 2 34AE-02 2 205E·02 0 2552 0.2534 07822 0 7822 '512E-03I 1 <~38E-03 0.029954 0028194 
6 1 E-it 1 E-19 64.9 1 229E-03I1 167E·03 2 41 6E-02 2 260E-02 o 2651 1 o 2537 0 7600 0 7600 1 576E·03 1 522E-03 0.030976 0.028980 
6 1 E-15 1.E-16 65.6 7 230E·04 • ao9c·04 2 013E-02 1 752E·02 o 2658 I o.246a 0.7362 0.7362 9 822E-04 5 533E·04 0 027343 0023796 
6 1 E-15 l.E-17 65 7 6 724E-0418 632E·04 2 220E-02 I 947E-02 o 2674 I 0 .2482 0.7248 0.7248 1 204E·03 1 191 E·03 0.030633 0.026867 
6 1 . E~15 1 E-18 65 6 9 310E-04I6.220E-04 2272E·02 2 031E-()2 o 2658 I o 2488 0 7228 0 7228 1 268E-03 8606E-oa 0.031439 0.026096 
5 1 E•15 1 E-19 659 9 569E-0<~ 6 831E·04 2 315E·02 2 059E·02 0 2587 02492 0.721 4 0.7214 1 326E-03 9 469E-04 0.032092 0.028538 
6 1 E-16 1.E-16 66.6 1 331E-o3 • 153E·03 3.552E·02 3593E-02 0 2687 0.2619 0.6843 0.6643 1.946E-03 1 632E-03 0.051911 0.052505 
6 1 E-16 1.E-17 66 7 1 518E·03 1.320E-03 3 866E·02 3 922E-02 02714 02646 0.6613 0.6513 2.295E-03 1.995E-03 0.058454 0.059307 
6 1 E-16 1 E-16 66.8 1.552E·03 1.378E·03 3 917E·02 3.974E-02 02712 0.2649 0.6581 0.6581 2.358E-03 2.093E-03 0.059511 0.060361 
6 1 E-16 1.E-19 66.9 1 577E-03 1.383E-03 3 955E-02 4.011 E-02 02727 0 2552 06568 0 .5568 2 401E-03 2 106E·03 0.060220 0.061065 
6 1 E-li 1.E-16 67.6 1.480E-03 1590E·03 4 785E·02 5.012E-02 0 2829 0 2859 0.6310 06310 2.3<~6E-03 2 519E-03 0.075841 0.079~36 
6 1.E-1 7 1 E-17 67 7 1 667E<l3 • 747E-03 5 182E-02 5 400E-02 02851 0.2883 0.6102 06102 2.7321:·03 2.864E·03 0.06<:928 0.088494 
6 1.E-1711 E-18 67 6 1.701 E·03 i 748E·03 5.201 E-02 5 448E·02 0.2850 0 2886 0 6064 0.6064 2 805E-03 2.882E-o3 0.085767 0.089835 
6 1 E+17 1.E+19 67.9 1.680E·03 1.954E·03 5.2321:·02 5 467E·02 0 2850 0.2866 06047 0.6047 2 .778E-03 3 232E-03 0.088522 0.090416 
6 1 E~18 1 E- 16 68.6 1 522E-03 1.631 E-03 4 885E-02 5111E·02 0.2833 0 2872 0.6280 0.6280 2 .424E-03 2 597E-03 0 077788 0.081374 
6 1 E-18 1 E-17 68.7 1.80; E-03 1.876E·03 5 <~72E·02 5 684E·02 02861 0.2892 06027 0.6027 2 968E-03 3.112E-03 0.090788 0094298 
6 1 E+18 1.E-18 68.6 1 907E·C3 · 950E·03 5 659i::-02 5 905E·02 02867 0 .2901 05944 0.5944 3209E-03 3 281 E-03 0.095220 0099350 
6 1 .E-18 i.E-· 9 66 9 1.882E-03 2 i8H:·03 5 685E-02 5 922E-02 0.2866 02900 0.5924 0.5924 3.177E-03 3 681 E-03 0.095971 0.099956 
6 1.E-19 1 E-1 6 69.6 1 532E-03 1.641 E-03 4.908E·02 5 133E-02 02834 0 2872 0 6275 0.6275 2 442E·0312 615E-03 0 .078217 0.081801 
6 1 E- 19 1 E-17 69 7 1 825E·03 i.898E·03 5.521E·02 5.732E-02 0 2863 02893 0 6015 0.6015 3.033E-03I3 155E·03 0 091779 0095286 
6 1 E-19 1 E-18 696 1 9<~9E·03 1.989E·C3 5.744E·02 5.98BE-02 0 2870 0.2903 0 5924 0 .5924 3.290E-03j_ 3 358E-03 0.096959 0.101081 
E 1 E-;9 1 E '9 69 9 1 946E-03 2.2<~8E-03 5.817E-02 6051 E-{)2 02671 02904 0 5891 0.5891 3.303E·03j_ 3 816E·03 0.098736 0.102706 
PDC - <subs! depth luml><p>.<n> : N, = 1 El l O+p) lh/mll: No = 1 E{l 0-nl (el m I). 
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APPENDIX Xl.l • RESULTS SJPD . 
-
. 
Fl SJPD PSE 3 electrodes on n-well : Image electrode (IE) OE dependence on substrate depth. n-well and p-substrate doping . 
Sucst P-subst n·Vve! ..,eu deeth = 2 urn; reverse b1as = 2 volts. n-.·•el e!~clfode width= 4 um. outer electrodes end 1 um from well wall; 5 urn beam (633 nm) 
deptn doping doping sd.pd'nd PSE Bounaarv OnSCP ~ea· PSE centre ExpMax PSE Boundary Nz OE well \·.all Nz OE 
1um' (tv mil (e.ml PDC QE ~55 OE ~ 105 OE Ci 70 OE e, 90 OE~75. OE@95 QE!I;SO 1/.axOE at 55 I at105 at70 a· so 
3 LE-e~ LE-16 346 t.597E·0" t.597E-04 6 999E-03 6.802:::-03 0.11~ 0.1056 0.3649 0.3649 4 377E-0414 377E-04 0.019180 0.018635 
3 LE-'4 t.E-1'1 34~ 1 599E-04 1 886E-04 7.582E-03 7 375!:::-03 0.1251 0.1190 0.3948 0.3948 4.050E-04 4.778E-04 0.019205 0.018681 
3 LE-14 1.E- 18 34 8 i.604E·04 1.737E-04 7.929E-03 7.714F-03 01277 0.1218 0.3991 03991 4.018E-04 4.351E-04 0.019866 0.019327 
3 l.E-1~ t.E-19 34 9 1.588E-04 1.818E-04 8 253E-03 7.991 E-03 0.1282 0.1215 0.3980 0.3980 3.990E-04 4.567E-04 0.020735 0.020077 
3 1.E.,.l5 1.E-16 35.6 8.448E-05 5.771 E-05 7.368E-03 6 195E-03 0.1533 0.1287 0.4173 04173 2 024E-04 1.622E-04 0.017654 0.014846 
3 1 E-•5 1.E~17 35.7 9.504E-05 8.505E-05 8 717E-03 7 293E-03 0 1513 01272 0 4006 0.4006 2 372E-04 2.123E-04 0.021758 0 018204 
3 1.E.,.•51 1.E-18 35.8 9 720!:::-05 8 989E-05 9161E-03 7 703E-03 0.1518 O.t275 0.3992 0 3992 2 434E-04 2.251E-04 0.022945 0 019293 
3 1 E-15 : 1.E-19 35 9 ·.035E-~ 9 206E-05 S.440E-D3 - SSSE-03 o 15;9 1 o 128· 0.3979 0.3975 2 602E·04 2.314E-04 0.023727 0.019818 
3 1 E-'6 t.E-16 36.6 2.710E-05 3.000E-D5 3 254E-03 3.186c-C3 0 '332 0.1393 05135 0.5135 5.277E-05 5.842E-05 0.006337 0 006204 
3 ·• E- ·s 1 E.,-~7 35.'" 6.263E-05 6.552E-05 6 680E-03 6.ssa::-o3 0.1243 0.'295 04246 0. 4246 1.475E-04 1.543E-04 0.015735 0.015507 
3 it.E- ·s 1 E-' 8 36.6 7 144E-05 7 733!:::-05 7 328E·03l7260c-03 c 123~ 0.12r 0.4137 04137 1 727E·O~ 1 870E-04 0.017714 0 017550 
3 t.E- '6 t.E- 19 36.9 7.446E-05 ~.701 E-05 7 674E-03 - 591E·03 0.1234 0.1285 0~111 04111 1.811E-04 t.873E-04 0.018668 0.018466 
3 t.E~i7 t.E-1 6 37.6 1.6~3E-05 2.706E·05 2 778E-03 2 743E-03 0.1667 0.1667 0.5207 0.5207 3 155E-05 5 198E-05 0.005335 0.005267 
3 1.E- 17 t.E-17 37 7 4.338E·05I 6.317E-05 5.669E-03 6.540E-03 0.1579 0.1580 0.4332 0 4332 1.001 E-04 1.458E-04 0.015394 0 015097 
3 1.E+17 t.E-1 8 37.8 6.91 4E-05l 9 1 i 6E-05 8 233E-03 8.057E-03 0.1539 0.1532 0.4054 0 4054 1.706E-04 2.249E-04 0020309 0.019877 
3 t.E-17 1 E- 19 37 s 5.848E-05I 8 399E-05 8.516E-03 8 411 E-03 0.1536 01535 0.4005 0.4005 1.460E-04 2.097E-04 0.021265 0.021002 
3 1.E-16 1.E-16 38.6 1 .520E·05I 2.498E-05 2 6t1E·03 2.576E-03 0 1671 0.1672 0 5250 0.5250 2.894E-05 4 759c -05 0.004974 0.004908 
3 1 E.,.18 1.E-t 7 38.7 4.020E-05 I 5.850E-05 6282E-03 6 162E-03 0.15921 0.1593 0.4~01 0.4401 9 133E-05 1.325E-04 0.014274 0.014002 
3 · E-1811 E-18 38.8 6 575E-05I 8 656E-05 7.961 E-031- 773E-03 o 1557 I o tsso 0.4116 04116 1.597E-04 2.103E-04 0 019342 0.018885 
3 1.E-~8j1.E-1 9 38 9 5 732E-05 S2'8E·05 84'1E·03 8 293E-03 o.t5~s 1 o.t545 0.4028 04028 1 A23E-04 2.040E-04 0.020683 0.020569 
3 • E-191 1 E-16 39 5 i 466E-05 2 d43E·05 2.565E-03 2 532E-03 o.1s12 1 o.t673 0.5262 0.5252 2.623E-{)5 4.64SE':-os. 0 004875 0.()()4812 
3 tE-1911 E-17 39- 3 960E-05 5 766E·05 6 20SE-03 6 093E-03 o t594 I o 1595 0.~4'2 0 4412 8.575E-05 t.307E-Q4 0014072 00138091 
3 t E-'9 ItE-t8 39.8 6 a2SE-G5I8 457:::-os 7 81 8E·03 7 63-!E-03 01560 0 1554 0 4136 0 413€ 1 553E-04 2 045E-04 0.018904 0 018458 
3 t.E-19 1 E-19 39 5 5 634!:::-051 8.076E-05 8 308E-03 8 193E-03 01550 0 1549 0 4042 0 4042 1 35AE-04 1 996E-04 0 020555 0.020271 
4 1.E-14 1 E-16 44 6 3 750E·04I2.307E-04 9 252E-03 8 001 E-03 01565 0 1549 05049 05049 7 A27E-04 4.569E-Oa 0 0183431 0.015846 
4 1 E-14 1 E-17 4~ 7 3.850E-04 3.413E·04 9.565E-03 6 309E-03 01566 0.1550 0.5032 0 5032 7.652E-04 6.762E·04 0.019007 0.016512 
4 i.E-14 1 E-18 ~· 8 3.809E-Oc 2.597E-04 9 862E-03 8.638F-03 0.1572 0.1558 0 5031 0.5031 7 570E·04 5 161E-04 0 019601 0 017168 4 t.E-14 ILE-19 4j 9 3.848E·O~ 2 715E-04 1.014E-02 8 975E-03 0.1577 0.1561 0.5015 0.5015 7 674E-04 5.415E-04 0.020224 0.017896 
4 lt.E-1511 E-1 6 45.6 1 567E-04 1.449E·04 7.073E·03 6.089E-03 0.1831 01542 0.5280 0.5280 2 969E-0412 745E-04 0.013395 0.011532 
4 I · E- 15 1.E-17 45.7 2 123E-04 2.059E-04 9 486E-D3 8 t73E-03 0.1802 0.1531 0.49.1!5 04945 4 293E·04 4 163E-04 0.019184 0.016527 
4 It E-15 t.E-18 45.6 2 295E-Q4 2.074E-04 1.005E-D218 634:'-03 0 180~ 0.1525 0.4909 0 4909 4 67AE-04 4.224E-Q<: 0 020464 0.017587 
4 t.E-15 1.E-19 45.9 2 165:'-04 2.159E-~ 1.040E-021 8 948!:::-03 01806 0 1522 04890 0 4890 a 459E-04 4 414!:::-04 0.021265 0.01829~ 
4 1.E-16 1 E-~6 46.6 8 '55:0-05 8633E-05 4 439:'·0314 503E·03 0.'6'1 0 1687 0 6059 0.6059 1 346E-04j1 425E-04 0.007326 0.007432 
4 t.E-15 1 E-17 46.7 1 575~:-04 1.725E-04 8 448E·031 8 344E-03 o 1s3o I o.158s 0.5145 05145 3 060E·04 3.352E-04 0.016419 o.o16215 [I 
4 t.E-1611 t:-18 458 1 752E-04 1.857E-04 9 244 E-03 I 9 1 06F-03 0.1521 01584 0 5033 0.5033 3 482E-04 3.690E-04 0.018368 
'"""!I 4 t.E-16 t.E-19 46.9 1 877E-04 1.933E-04 9 613E·03I9 497E-03 01523 0.1574 0.5005 0.5005 3 751E·04 3 863E-04 0.019207 0.018975 4 I 1.E-17It.E-16 47 6 1.076E-04 1.032E-04 5.298E-03I5.237E-03 0.1974 0.1987 0.6038 0.6038 1 781 E-04 1 709E-04 0.008773 0.008673 
4 1.E- 17 1 E•17 47.7 2.051 E-04 1.351 E-04 9 699E·03 9 460E-03 0.1893 0.1903 0 5149 0.5149 3 983E·04 2.623E·04 0.018836 0.018371 
4 1 E-17 1 E-18 47.8 2 323E·04 1 574E-04 1 122E-0211 096!:::-02 0.1852 0.1659 0 4873 0.4873 4 766E·04 3 230E-04 0.023024 0.022488 
4 1 E- 17 i.E-19 47.9 2 556E-04 i.612E-04 t 160E-02 11.1 32!:::-02 0.1842 0.1854 0 4823 04823 5 299E-04 3.342E-04 0.024051 0.023481 
4 1 E-18 1 E-16 4e 6 1.083E-04 1.039!::-04 5 302E-03 5.245E-03 0.1981 0.1994 0.6073 0.6073 1 783E·0411.71 1 E-D4 0.008729 0.008636 I 4 1 E-1 8 1 F-17 48.7 2 094E-04j1.383E-04 5 788E·03 9 568!:::-03 01911 01921 05200 0.5200 4.027E-04 2 659E-04 0 018824 0.018400 
4 1 E-18 1.E-16 AS 8 2447E-04 1.660E-04 1 166E-D2 1.141 E-02 0.1677 0.1684 0.4909 0.4909 4 985E-04 3382E-04 0.023750 0.023244 
" 
1 E-18 1 E-19 48.9 2.724E-Q4 1 723E·O~ • 218E-02it.19ic-02 0.1859 0.1871 0.4821 0.4821 5 651 E-04 3.574E-~ 0.025262 0.024699 
4 1.E+19 1.E•16 49.6 1.08AE-04 t.~OE-04 5296E-03 5.241E-03 0.1982 0.1996 0.6084 06084 1 781 E-04 1 710E-04 0.008705 0.008615 
4 1 E~19 t.E-1 7 49.7 2.103E-~ 1 389E-04 9 805E-03 9.589E-03 01914 0.1924 0 5208 0.5208 4 037E·04 2.668E-04 0.018827 0.018413 
4 1 E+19 1 E-18 49 8 2 459E-04 1.669E-04 1 167E-02 1 143E-02 01882 0.1889 04923 0 4923 4 995E·04 3.390E·O~ 0 023708 0.023212 
4 1 E+19 i.E-19 49 9 2 76BE-04 It.752E-04 1 231 E-02 1.204E·02 0.1865 0.1877 0.4827 0.4827 5.733E-04 3 628E-04 0.025497 0.024947 
PDC = <subst depth (umh<p>.<n> : N. - 1 El 1 o.,. p) lh/ml\: N" = 1 Er1 O•n) (e/ml\. 
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APPENDIX Xl.2 • RESULTS -SJPD • 
Fl SJPD PSE 3 electrodes on n-well: Image electrode (IE) OE dependence on substrate depth. n-well and p-substrate doping cont. paoe 2 12. 
Suost P-s~.;ost O•WE:1 "'el depth= 2 urn; reverse b•as = 2 volts. n-Ne:. e.ecuooe Nioth = ~ um, outer electrodes end 1 urn from well wall, 5 urn beam (633 nml 
ccpth oopmg dop.ng sd/pc nd PSE Bouncac; :>nSCR ncar PSE centr~ Exp IAax PSE Bound a NzOE wei v.all Nz OE 
I urn\ (himl) (eiml) PDC OE ~55 o>= ~ 105 QE@ 70 OE ~SO OE~75 QEI1;95 OE~80 MaxOE at 55 21105 at70 al90 
5 1 E.,.t~ 1 E~16 54.6 5.695E-04 3.893E-04 1.049E-02 9.120E-03 0.1744 0.1644 0.5547 0.5547 1.027E-03 7 019E-04 0.018913 0.016442 
5 1 E~14 1.E-17 54.7 6.328E-04 4.206E·04 1.101E·02 9 612E-03 0.1743 . 0.1642 0.5503 0.5503 1 150E-03 7.643E-04 0 020009 0.017466 
5 1 E-1~ 1 E-18 54 8 6.678E-()4 a 471 E-0~ 1 142E-02 1.000E-02 0.1751 0.1649 0.5~98 0.5498 1 215E-03 8 132E-D4 0.020764 0.01819~ 
5 l.E-14 1 E-19 54.9 6 758E-04 4 620E-04 1 174E-02 1 039E-02 0.1754 0.1652 0.5~80 0.5480 1 233E-03 8.431 E-04 0.021423 0.018950 
5 1 E-·5 1 E-16 55.5 2.579E-04 2 169!:·0~ 8 030E-03 6 938E-03 0.2020 0.1735 0.5851 0.5851 4 407E-04 3.707E-04 0.013724 0.011858 
5 1 E-15 t.E-17 55.7 3 633E-04 3.204E-04 1 069E-02 9 151 E-03 0.1995 0.1719 0.5511 0.5511 6 593E-04 5 815E-04 0.019403 0.016606 
5 1 E~1s t.E-18 55.8 3.859E-04 3.238E-04 1 128E·02 9 742E-03 0.1994 0.1727 05473 0.5473 7 05 1 E-04 5.915E-04 0.020607 0.017799 
5 1 E-15 tE-19 55.9 4.040E-04 3.312E-04 1 162E-02 1.002E-02 0.1993 0.1712 0.5453 0.5453 7 409E-04 6.073E-04 0.021316 0.018376 
-
1.E-16 1 E~16 566 2.673E-04 2.669E-04 7 120E-03 7 505E-03 0.18'~ 0.1875 0.6552 0.6552 o 079E-04 4.073E-04 0.010866 0.01 14.5~ 
5 I 1 E-16 1 E-1- 55.7 o 126E-04 a.OBOE·O• 1.115E-02 1 148E-02 0 173!? 0.1790 0.5536 0.5636 -.320E-04 7.239E-0<: 0.019789 0.020360 
5 1.E.,.16 1 E-18 56.8 4 119E-04 4 076E·04 1 187E-02 1.220E-02 0.1731 0.1771 05523 05523 7.457E-04 7 380E-04 0.021492 0.022094 
5 1.E-16 1 E-19 56.9 4 118E-04 4.107E·04 1.217E-02 1.261 E-02 0.1731 0.1772 0.5495 0.5495 7 493E-04 7.~74E-04 0.022153 0.022940 
5 1.E-F 1 E- 16 57.6 4 509E-04 3 473E-04 1.082E-02 1 069E-02 0.2215 0.2192 0.6447 0.6447 6 99<:E-04 f5 386E-04 0.016777 0.016588 
5 i E-17 1 E-17 57.7 5 919E-Oa a 499E-04 1 533E-02 1 oasE-02 0.2.31 0.2122 0 5555 0.5559 .. 065E-03 e os3E-04 0.027586 0.026790 
5 1.E- 17 1 E-18 57.8 6 222E-O< < 637E·04 1 643E-02 1 61'E·02 0.2089 0.2074 0.5289 0.5289 1 176E-03 8 768E-Oa 0.031056 0.030449 
5 i.E+17 1 E-19 57.9 6 201 E-04 4.692E-Q4 1.688E-02 1.642E-02 0.2083 0.2062 0.5239 0 5239 1 183E-03 8 955E-04 0.032222 0.031331 
5 1.E+18 1.E-16 58.6 4 652E-04 3 58< E-O• 1 108E-02 1.095E-02 0.2223 0.2200 0.6476 0.6476 7 184E-04 5 534E-Oa 0 017105 0.016917 
: tE- 18 1 E-17 58 7 6.378E-04 4.859E-04 1 615E-02 1 572E·02 0 2150 0 2142 0.5595 05595 1 140E-03 8.684E-oa 0.028868 0.028089 
5 1 E-15 It E-18 58.8 6 994E-04 5 223E-04 1.791E-02 1 760E-02 0.2115 0 2102 0.5304 0.5304 1.319:0-03 9.848E-04 0.033765 0.033184 
5 1 E- 1811 E-19 58.9 6. 984 E -041 5.298E-04 1 646E-02 1 800E-02 0.2102 0.20€2 0.5217 0 5217 1.339t:-03 1.016E-03 0.035384 0 034458 
5 1 E-1911 E-16 59 6 a 665E-04I3 61 o::-04 1 113E-02 1 101 E-02 02224 0.2202 0.6485 06485 7 225E-04f5 567E-04 0017167 0.016981 
5 1 E-1911 E-17 59.7 6 460E-04I a.924E-04 1 630E-02 1 567E-02 0.2153 0.2145 0.5501 0.5601 1 153!:-03 8 791 E-04 0.029101 0.028327 
5 1 E+'9l1 E-18 59.8 7 137E-04 5 332E-04 1 815E-02 1 784E-02 0.2121 0.2107 0.5314 05314 1.343E-03 t003E-03 0 034149 0.033576 l 5 1 E- 15 f1.E-19 59 9 7 219E-04 5A80E·04 1.891 E-02 1 845E-02 0 2108 0 2085 0.5217 0.5217 1.384E-03 1.050E-03 0 036246 0.035363 s I t E--~ 11 E- 16 64.6 -110E-Q4 5 081 E-O• 1 1 15E-02f9.651 E-03 0 1&69 0.1774 0.5558 0.5958 1 193E-03 8 527E-oa 0018718 0 016196 
6 1 E- 1•11.:0-17 6-i.7 7 833E-oa 6 547E-Oa • 189E-02 1 028E-02 0.1666 0.1770 0.5890 0 5890 1.330E-03 1 112E-03 0 020190 0 017461 
6 1.E-14f1.ET18 64.8 7 996E-O• 5 802E-oa 1.226E-02 1.080E-02 01871 01777 0.5881 05861 1 360E-03 9 866E·0" 0.020845 0.018356 
6 1 E-14 1 E~19 64.9 8 552E-04 7.120E-04 1.276E-02 1 118E-02 0.1672 01777 0.5862 0.5862 1 459E-03 1 215E-03 0.021765 0.019077 
6 1 E~1s 1 E~16 65.6 4 965E-oa 3.305E·0.4 9 732E-03 8.400E-03 0 2151 01856 0.6161 0.6161 8.058E-04 5.364E-Oa 0 015796 0.013634 
6 !1 E-15 !1 E-'- 65.7 5 961 E-Q<! I• 052E-04 1236E·02 1.057E-02 0.2121 01856 0.5822 0.5822 • 024E-03 6 960E-0-' 0.02123• 0.018149 
6 1 E-1511 E-18 65 8 6 394E-04 4 25-<!E-04 1 29'lE-02 1 111 E-Q2 0.2117. o.-&50 0.5785 0.5785 ' 105E-03 7.370E-O-< 0.022255 0.019206 
6 1 E-1511 E~19 65 e 6 565E-o•!• 361 E-04 1 324E-02 1 1•7E-02 0 2124 0.1870 0.5765 0 5765 • 139:0-03 7 564E-04 0.022974 0.019888 
6 1 E~16f1 E-16 666 8.890E·04I8.858E-04 1 256E-02 1 237E·02 0.1970 02042 06766 0 6766 1 31 4E-0311 309E-03 0.018568 0.018287 
6 1 E-1611 E-17 66 7 1 062E-Q3I1.001 E-03 1 604E-02 1.583E-02 0.1889 0 1923 0 5854 05854 1 815E-03 1 710E·03 0.027405 0.027041 
6 I ~ E-16f1 E-18 66.8 1 055E-D3f1.017E-03 1 659!:-02 1.653E-02 0.1878 01904 0.5742 0.5742 1 837E-03 1 771E-03 0.02906<1 0 028786 
6 1 E-16f1 E-19 66.9 1.107E-03 1.028E-03 1 705E·02 1.683E-02 0.1883 0.1914 0.5714 0.5714 1 938E-03 1 799E·03 0.029838 0.029450 
6 1 E-17f1 E-16 67.6 9 995E-oa 1.067E-03 1 672E-02 1 815E-02 0.2359 02326 0 6636 06636 1.506E-03 1 607E-03 0 025202 0.027354 
6 1 E~17 1.E-17 67.7 1 135E-03 1 359E-03 2.06St:·02 2.209E-02 0.2277 0.2256 0.5752 0.5752 1 974F-03 2 362E-03 0.035892 0 038403 
6 i .E-17 l.E-18 67.8 1 177E-03 1.215E-03 2.169E-02 2 298E-02 0.2235 02 210 0.5488 0.5488 2 145E-03 2.215E-03 0.039527 0.041867 
c 1 E- 17 l.E-19 67.9 1.231 E-03 1.207E-03 2.197E-02 2 340E-02 02229 0.2201 0.5438 0.5438 2 263E-03 2.219E-03 0.040395 0.043021 
6 1 E-18 1.E-16 686 1 028E-o3l1 oe• E-03 1.716E-02 1 860E-02 0.2366 0.2334 0.6661 0.6661 1.543E-03I1.643E-03 0.025760 0.027925 
6 1 E- 18 1 E-'7 68.7 • 227E-Q3 1 -<59E-03 2 201 E-02 2 347E-02 02295 o.2r5 0.5780 0.5760 2.123E-03 2 525E-03 o.o38088 I o.o.:o609 
6 1 E-18 1 E-18 68.6 1 320E-Q3 1 357E-03 2 38SE-02 2.528E-02 0.2261 0.2236 0 5489 0.5489 2 <:05E-03 2 471 E-03 0.043525 I o 046062 I 
5 1 E~1e 1.E-19 68.9 1.379E-03 1.347E·O;l 2 420E-02 2.577E-02 02247 0.2220 05403 0.5403 2 553E-03 2 494E-03 0.044781 1 0.047688 
6 1 E~19 1 E-16 69 .6 1.035E-03 1.101E-03 1 726E-02 1.870E-02 0.2368 0.2335 0.6669 0 6669 1 551 E-03 1.651 E-03 o.o25876 1 o.o28045 
5 1 E-19 1 E-17 69 7 1 2<:3E-03 1 <177E-03 2 225E-02 2 372E-02 02298 02278 0.578-' 0.5784 2.149E-03 2.553E-03 0.0384771 0.041006 
6 ~ _E-i9 1 E-18 69.8 1 349E-Q3 1384E-03 2 430E-02 2.570E-D2 0 2266 0.2241 0.5497 05497 2 ~55E-03 2.518E·03 0.044215 I o.046756 
6 1 E-12 1 E-19 69 9 1 425E-Q3l1 389E-03 2 <189E-02 2 64-E-02 02252 1 0.2226 05400 0 5<100 2 6-<1 E-03 2 573E-03 0.046082 1 0.049009 
PDC = <subs! depth lum)><p>.<n> : N. = 1 El1 O+pl (h/ml): Nn = 1 E(1 O+n) (e/mll. 
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V1 
~ 
SJPD PSE Dopinq expt: % of liqht (633 nm) abso rbed in SCR and non-SCR for the PDC ranqe use for the SJPD dopinq simulation. 
(ptx~l) J t'-"""'P J "" J , .. .,sr.•t(•I~~·':""J,_Ah• l'iCniPrlllt'II.At:s . Q.O l•tw~SC.f\(d~'"'''' "'"'" c~•~ • • ''I~Musrt~ltNurC:A.tl\llmt• 
l • ll'twlotll(\llfi )0() 1'!;1 ,_.,,u., l :mpo:;l I 301'SJ. il .mt>sl I lOP'>l l 2111'sr I :'OI':ir II WP:iC I mt~f I 20t!lf'SI I ?lilt/'S[ II :llllllf'Sl I :mnP~I I :miiii'SI 211rt!'S( 11 :mmPc:r I ~It Ill' "' I f'l!lll'f~r:n I a.,.,.,•,cn' lt'IM'I sr n$. I ta,5:(f\ 
..... ~~J>oloq l 11o.1~ l s..os. I w,.• J J "ct- I f"""•MI Ft"'t•MIIm"'-•MI Fl%ab, l nt1C.•IKI ft'IC.•~IInt"'l.,.,.l rl"'l.•t.,l S•-1Mwto I st-t~r-11 St'""br-•f!\ I s umt~""' I St'"'t.f!o•"' St..,L"l"•"' ' r• .r I !\l•nt Mrt• I ~~o--• 
(eflnt) (hM4J IV) Dp(~nJ 0flfurn) POC PSI. ~h• sen sen ,_,.sc;n non..scn sen sen I'IUI'SCf\ ,_sen on wtoilw111 tw~~ ... ~ Oltwd w, • 01\..,.lw•• a!flllllftiWI"• cf'l•ltaolwd crn,eorwel c&ulreolwMI ~!d·!""' ~tlf.ll> eorw.H""' condttoon 
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-~-~E. _,..:.§:']:'..:~ --~-- -~-1:'..? ~Q~~~ .!.~ 1~229 .!:..~-~ L~ 1_,_o_~ .J:.o.<2. _h-.09 -1-:Q9_q __ •. !:9Q<? ...•. !:£19 __ .:LQQ. ____ !._~- _!,QQQ __ _l.OQ.. ---~~-.2~:.2!. .:~:~-~~,_~~- .:~2~ 
-~-~:.1~- L~.t!i .:~ . . ~!!._ .::.?....,. .~i·!! .~.9.·.~~ .!:QQQ !.9..Q9 .LQQ • • ]:.o.<2.. ~:9.'29 1.Q.9Q. _]_.Q<?_ ..1.:'29. .!.qQ_Q_ .. !:PQ<?. • .. !:.29-.•••. !:9.9._ •. L9Q<?_ -~-!:9Q<?.. ..L'29 ... . : .. ~-~--- .!~.·-~~- .:~,~-~2.- --~O:Q<?:... 3~-~-
1.E>19 1 E+14 ·2 3 2 34.9 50.206 1.000 1.000 1.00 1.00 1.000 1.000 1.00 1 00 1.000 1.000 1.00 1.00 1.000 1.000 .1.00 1 00 18.01 ·4.995 20.00 ·3.495 
•1."~!?- -~~~:.1?.. :~ ...:~,- _.}._ .~.?:!{ !?Q~~  .!:QQQ ~.:..~.2 L~- .l..o.<2 • . !:9Q.Q 1.:.~ .1.-Q<?. -~~'29. _!~Q!l.Q . .1:9Q<L .. .!:129 ... __ L9Q.. _!,9QQ .. -~-!,Q£1?_ _ --~:'29., __ L'22... -~~:.~~- .:9,?.~~- _!~~-- __ q~~ ­
-~·-~!.!?. ]:.~±!:;.. :.~ .~.L 2 _ _ Q§.-.!.. !!..0.:~0!!. .l:QQQ. ·}:9.29. J_,_op_ J.t~ .. .lQ.l!Q. 1 ...Q.QQ _]_.QQ, _ _1_:q9 __ .:..~:Q9_q_, _..!,9.Q.<J., .•• l:£19 __ ..,.2:9Q .• ...:JRQQ_ :;.'.~QQ •• t: .~:'!9.:· . ...:LQQ. •. ~Q....~?.. _:Q,~~~~-~- ..'2~~~ 
1.E+18 1.E+15 ·2 3 2 35.6 50.206 1.000 1.000 .1.00 ·1.00 1.000 1.000 1.00 1.00 1.000 1.000 1.00 1.00 1.000 1.000 1.00 1.00 26.21 -0.695 20.00 0.605 
;-~:;;9 T:-t:+is -=-2 -r -2-· -~5.9 so.2oo Tooo r.ooo Too· · ;-:-oo "i:ooo r,ooo To<Y T Oci Tooo- -nor -roo-· ··Too- --r.ooo- ~Tooo- Totr- ·-T<Xi"- 2s:i?· ·:1f9rs· ··2o.oo- -6:51i4-
1.[ 11 6 1. E •16 -2 3 2 3G.G 50.206 3 .257 2.937 4G.95 47.27 7 .499 6.360 42.71 4304 14.203 13444 35.92 3G.7G 15.474 12.205 34 .73 37.94 2916 0.501 19. 16 2081 
TE·,·;7 T.Tii6 ·:2 --3-- ·"2"- "367 so-206 ·2:739 -2~263 4·7·47 ·47~94 -6:232 ;i.796 43"97 "454i .. i'2".fiii9- I'C6o4· .. 3Tsi·- --39-20" ·-i203aii· ---ii"iis6·· ··37.90·· ... 41"55 .... 2fi.s6· ·a-42·8·· ··;9.iis·· .. i.ii2a· 
·;·.:·;;6 Tc:.·1s ·:2 -:r· ·T· ·:isii 5o.:ioo ·2:1oo 2~·;99 ;i7:s·,- -4ii"oi 5·1-26 ;rs43 ·<ixoo ·45.56. ··;2.s7s· ·;a-759- -·37"63-- -:i9-4s· ·12~635· ···a":io:i·· --56-iT. ···.;1·.96·· ·-26.7~1 ·-a~:isT- ··;9.99·· Ts97-
·;.·c:;;g· 'i."E:;;5 ·:2 ·T· ·T- ·:i6.9 ·sa·2oo -2:7'25 2~2i:i 4··r:4o ·47~99 6:174 ·;,-667 ·4xo:i ·45-54· ·;2.677" ·;o.-62~r ··3Tss·· ·-:i9jii. ·;Ti2·o· ... 6.33if- ··aii.oa·· ·--.;1-.ii?". -·2a.7a· ·a~3iia·· ··2ci.oa·· --,--6iia· 
Li§!.!?. -~c~!.!?. ---~ --~--- --~-- -~?.§. .?Q.~~ -~,!~! ?,]_~? ~:P~ -~~c2.~ -~'~-~~ ~§.~Z. .~?.?.~ .~?"~~ .. ~:~~-1- --~'~.Q.! .. --~-~c~? .• .. :J.~~9 ... !Q.~?.~ ---~'?§.~-- --~~c.?.Q __ ---~2.~~-- .?~.!!~. __ q,~:~~-- .. !!~,!!~-- .. ~c~:'..~. 
1E117 1.E•17 ·2 3 2 37.7 502061.053 0.954 49. 15 49.25 2.462 2.097 47.74 4011 4.019 4 550 45.39 45.GG 4993 3958 45.21 46.25 2973 0.664 19.73 2.364 
-,-r~·;s Tr:·;;y ·:2· --3-- -T- ·:i'i.a ·so.-2oo ·o:ii26 o~7-2i ;iii::i9 ·49~4-6 Tiiiii 1".'628 ·4o·2·3 ·4o5ii ··.;:lri'5-- --3:77"4-- --46~64 .. ··;,·5:.1:r ···3:i31s·· -··2:9oii-- -·.;cf39·- --47".'36-- ·:59.63. ···a·o·,-s·· .. io.iis·· ··2~31·5· 
Tf.~·;9 -,--E:.:17 ·:2 ··3·· ··2·· ·379 tso·2oo ii:79a· a"."699 4·9x; ·49~5·; ·;:937 1"5as ·.rii2"7 ·4o.62 ···.r-;2T- ··:i:7T6. ·46oii. ··;,·5:~9· ---:i:7os·· ·-·2-ooa·· ··4ifso·· ···w46-- ·29.61. ··o~ao5-- ··2aoo .. ·2:Ja5· 
1 E<16 1 [I 16 -2 3 2 38 6 50 206 2.039 2.05? 46.17 46 15 4 666 4 499 45 54 45.71 7.614 8.107 42.59 42 .02 10.470 9.539 39.73 40.67 29 .99 0 9(14 16.79 2.494 
1--f.i-;7- -i·r-.-18 ·.2· ·-T- --2-- -:i67' ·so-2o6 ·o:756 o:7o7 ;f9:45 ·49~5o ;·?os 1·509 ·.to:so ·4o.76 ·--:i-6l>T ··rooii·- ··;,7:11i· ·47:21i· ··a:67a·· --:i"ci24-- ··4if.54-· ·--47~·,-a·· -·29.-96. ··a:es2·· ·Tii63 .. T4ii:r 
I:~:.::!!!: T~~j!l: ::~ =?=: ~~~~~ :~~}! ~Q:~~ ~:~ig Q:~® "!i.~ :~~Jl:~ :9:?"~~ -~~~}~ :~E~ ~~~? ·=i:~?I" ::i:~~~= ~:~~:~~:: ::~:~:??:: ::IE~=.:::!:??.~~: ::~~~~~~: :::-!~~~:. ::?~~!: ~~:~~~~:: :~!~~!:: X~~~~ 
1.[•19 1.E110 ·2 3 2 38.9 50 206 0.256 0 232 49.95 49.97 0 635 0.534 49 57 49 67 1.350 1 .242 40.66 40.96 1.215 0.951 48 99 49 25 29 88 0.940 19.99 2.440 
1 E>16 1.E+19 ·2 3 2 396 50.206 2.044 2.062 40.16 48.14 4 .674 4 .522 45.53 45.00 7.569 0.109 42.62 42.02 10.522 9.613 39.60 40.59 30.00 0.999 18.78 2.499 
-,-·E:.·;:; -,-·E:.:19 ·:2 ·3·· -"2"- ·397 so·2oo -6-729 o~684 49:4ii ·49~52 1:524 T446 4ii:sa 4876 ·-2~ao5- ··:i"a26 .. ··47-<ia·· -~?::io· ---3:542-· ···2:935·· · ·4566·- ···47·2r· ·3a.oo· ··a:9na·· -·is.6r- T49a 
·1-E;·;a 1·:E+"i9 ·:2 -i- ·T· ·399 so.2oo o·252 o~23o 49:95 ·49~98 -6~562 a.466 ·41164 49.72 ··-;:o1·o- --6:iie7-- ··492o·· ··4·9:22· --1:2oo·· ···o:96:i- -.;lfor· ···49·.24·- ·29.9fl ··o:99.r·- ·-;9.aa·· T4s4· 
Tl!i-19 T:~+Hi ·:2 ··3·· ··2-- 39.9 s1r2os ·aTfo cfo-99 sa:m ·5efn ·o~~sii o.22o 49~95 ·499~ ·1r51r ··a:4u:i·· ··4u.·tl9- ··;r~n2·· ··o:s2o·· ···a:r1:r- ··41fns·· ····l1i.7~- - "29.9'7" ··o-91fs·· --;997·· ·:nair 
).~!§:.~ ~:§:']~ .-:3 -~-- • .l._ ~~-£ ?Q~~ .~QQ ~.:2.'29 .1.:2.0_ .l:QQ. !,229 )4~ .):.~ -~~ _!·000- • .!.,QQQ. ... !~QQ.- __ !,QQ. ..:!~. . .. !:9Q<?. ---~:22.- ___ 1_~qgL .. !~:~~- r-:~:?2~- _!~ ... ~ .. . :~,?..~~ 
L~::!?. .U:t!~ :.3 .•• L .. f.~~ -~i·? .?.9.·.~.?.. .l:QQQ. },229 . .1:..~- .:.1.:.~ J,9.QO . .!:QQQ. .!.·QQ • •• l~qg- .:..!:PQ_q __ .• !:9QQ. • •. !:'29 __ .•• 19Q .• ..!.~QQQ_ -~~1:9.9.2.:. .:·:..,qg ____ :..,qgL .!~:3.~ r-=~~-~! .. r-~·~.'... ..:.?.:?.~!-
1.E•1B 1.E+14 ·2 , 4' 2 • 44.8 60.533 1.000 1.000 1.00 1.00 1.000 1,000 1.00 1.00 1.000 1.000 1.00 1,00 · 1.000 •1 1.000 .t.OO , 1.00, 18.14 ' 3.930· 20.00 -3.430 T.'E:i-19 i-:1:+'14 -=-2 ··r -r ·44i ·6o."533 T~ r.ooo ·r.oo· Too· 1tooo r:ooo · r.oo· Torr ·-·;:-ooo- -noo· ·:-r:oo-· ··Too-~'-Tooo- --r.ooo- ·roo·- --coo:··r;e:or -:J~ii!is -r-w.cxr -=~~495 
1 l•16 1 E•15 ·2 4 2 456 60533 0.510 7.224 5202 53.31 16.19 12.62 44.35 47.72 29.241 26369 3 1.29 32.16 34460 23606 26.07 3673 26.46 0.232 1965 0.732 
-,-.r-;17 TE:ii5 ·:2 ··-;,--· ·T· ·45.7' ·6o.533 ·a-665 ?:o57 sf:iiY ·si4-ti i6."o7 ;·2:13 ·.;;146 -4ii4ci ·2o.7oo· -2TioT ·-3T7s·· ··3·3:43 .. ··34-3i'i2- --22~5oo· ··2ii."is·· ···31C15·· --26.27" ·o~i?iJ .. --,9.9s·· ·a~ti3J. 
-r·e-iiii Tc-ii5 -.-2' ·T· ··2- -456 ·i>o.-533 a·iioi ;;:nr 51:73 ·53~4-2 ·;523 ;·2:15 ·.;4·3-o -48.36. ·-26.966- -27"144. ··3-,--57-· ·-:i5.39-- ·3·4-792· ··22.·-ron· ··25.74"" ·-:iii-,-r· ·26.2r ··a:ias·· ··2a.oo·· ·a·6as· 
Tc+.i9 Tc;;s- ·:2 --~i- -T- -45.9 ilo.-533 ·a:934 1:rao s1:so ·53~34 16-42 r2:24 ·,;;,·;·; -4629 ··29227· ·2·7:529· ··3·1':3;·· ··3~1:2o·· --35:25·;· --2Tsii2- ··25.2o-- ---:i7-:-9s·· ··26:ir ·a-6fi.i-- ··2o.oo·· ··a.·sa4· 
1.E11 6 1.[ 116·2 4 2 46660.5332.5612.937579557.60594463665459541611321 13.444 49.21 47.09 12.265 12 .265 4827 4827 2911i 1561 1916 2.081 
-,-·c.-;7 -r-E~-16 ·:2 ·-;,--· ·T- ·.;57 ·so·s33 ·2:;7; Hs3 56.36 ·5621 T!i4o ;r7iia ss~s!i ·s5.73 io.oofi- Ti~aa·4· ··so-47-- --;,-9:5:i· --9-75s·· --a:iiss·· ··so7o·· ···s1·aa·· ·28.a6- T428-- --i9s9-- ·-co2·a· 
T.c·.-iii ;-T.-16 ·:2 ·T· ··;;·· ·46.ii ·iio.53~i ·n;;o '2:;·99 5o-39 ·s6~3-:i ·.;:iiss ~-.643 ss:en ·5539 ··n:iiG?·- ·;o~7sn· ··sc.i.-57-- ··;,·9~77-- --9:539-- ···a:3o:i"· ··.;a.99 .. ---52.23-· --26.79- ··;::i!'ii-- ··;999·· --,--o9T 
1".Fi19 -,-_-E:.-16 ·:2 ··;,··- ·T- "46.9 "iio.s33 -,noo· r:m s6j7 ·s6-32 -4-ii93. ;,·6iiY 5sjf4 ·s5ii7 ·;cio4fi. lo.li24. ··so-4fi. ·-4-9:7;·· ··ii:sT3-- ···a:33a·· ···so.n2·· -··s2.-io·· ·26.7r! ··;~3iia·· --2o.oo·· ·-;~aaa· 
1.[116 1 [117 -2 4 2 476 60533 1.705 2.132 58.83 56 40 3.926 4.607 56.61 55.65 6.643 0.001 5369 51.73 6.656 9.756 51.06 50.76 2989 1.943 16.86 2.443 
·;·r·;;? ·cE:-i7 ·:2 ··;,·- ·T· ·.;'i.7 ·60.533 ·a:634 o:9s4 s!i:7o ·s9~5-a ;:1isi 2.o!i7 5u:sa -58!14 ·3:o2o·· ·-4:556-- ··s6~7i- ··s·s~elf. ·--J:95o·· ·-T95a·· ··scf.sT· ···sG".s?"· ·29.73· ·-;:o6r --;9.73 .. T:i64-
-,-,-E=-.-ia -,-.-E:-17 --2 --;,·-· ·T· ·.;y8 so-533 -6-656 o~7-2i. sii-88 ·sifiii ·1:567 1".62o ·silri7 ·s89i ·--:i-:ia-r· .. 5:77"4-- ·sT23-· ··5n5·- ··-io24-- ·-·2:9oii.. ··57-.51·· ·--57".62·- .. 2963- ··;:a·;s·· ··;s.9ii-- T3i_5_ 
fii19 -,--E"i1Y ·:2 ··;,·- ·T· -~7.9 ·6o.-533 ·a-633 o~699 5!i:oo ·s9"."83 ;:!f:ls ·1.5iis s!:ioo ·5695 3~27T" ··3:7"16 .. ··s7"2ii-- ··s·<i-62. ---2:935·· ---2-aoa-· ·s7.66- ·--57.72 .. --29.6;· -coos- -2o.oo- ·-2jci5-
1.r 1 16 1.E 1 1n -2 4 2 40.G 60.533 1.0 16 2.052 se.92 s o •IO 3 698 4.499 56.03 56 03 G.035 e .101 S4 .so 52.35 6.303 g 539 52.23 50.99 29.99 1.994 18.79 2.494 
-;.·c·ii7 1Tiia ·.2· ·T· -T- -467 so.-533 ·cl"iioi o~7-67. 59·93 ·siio:i· ·;::is2 T.soo ·so··1·a ·s9.o2· ·T395·· ··3-ooii .. ··so:;.;-- ··s1:s2·· ·--2:9oii·· --·io24·- ··s7".62-- ···sY.s;·- ·2995· ·T!i62-- ·-;9.63 .. ·T4s2· 
·r:E·~-iii H"iifi ·:2 ·-4-· -T- "468 6o~5ii:i ·cr276 a:36o 66-26 ·<ia-22 6:633 a.iio1· ·siioo ·s9.ns -·n5;·· ·T;,oo-- ··:;9·2i'i- ··5·9·6;,·· ··-;:27o·· ·--i-27o·· ··s9.26-- ·--59.25·- ·2991- ·-1~955·· --19.91-- ··2~4;.;5· 
-,.'E.iiii ·f:·E:.-;o ·:2 ··4··· -T- -46.9. ·50~533 ·6:2os o~2-:l2 66:33 ·oa~36 ·a:ifo3 0.534· 6o:o":i ·aooo ·To7a·· ·T242·· ··s!i-4ii- ··59:29- ··a:96:i"- --6:9si-- --s?i.57-· ... 5ii.5o·· -29.iio· -·,-:o:{6·- --io.nn·· ··2:44·o· 
1.[116 1 E•19 ·2 4 2 49.6 60.533 1.620 2.062 56.91 58.47 3705 4522 5603 56.01 6.015 6.169 54 .52 52.34 6 .330 9.G13 52.19 50.92 30.00 1.999 16.76 2.499 -,--r-~:w -1-E~·;9 ·:2 ··4··- ··2-- ·49.7 oo:533 ·a:57a o~684 59:96 "59~65 n·a7 Y446 59·25 59oii '2:22:r-r-2"o2s·· ··f,ii":ii .. ··sT7r- --·2:aoa·· ---2:936-- ··57-.72·· ···s?"oo·· -·3aoo· Tsoa·· -·io.6;·· ·2:41ia· 
TCiiii ·;:c·i1Ii ·:2 ···4·· ·-2·· ·a9o iio.·s:i:i ·o:i99 o~:E3o 66:33 iirf3o o:r4s o:ioii ·so·ao ·6o.os ·-o~iioo·· --o-ii87-· ··so-73 .. ··!;"9:55. ···a:95r· ··-6:963-- ··sEe-· ···sii.57"- -299ii- ··;~994 .. ··1s.ea·· ·2:494· 
-;·e·.-ui -,--~-iHi ·:2 ··r· ·y· ·499 ·so.533 ·o~ooj o·ooo r,a·as i:il':i4·a ·c:r2os ri22o so~3-3 ·6o.3i ·-o~Jo5·· ·<nu:r ··<'lo.Ti. ··ao~as· -··a:4T2·- ···o:4T2-· ··tlo.iT ---6o.T2·· ·2!i.1w Tsao·· ··m.!ir ··,r;nili. 
PDC = <subst depth (um)><p>.<n> ; NA = 1 E(1 O+p) {h/ml); No = 1 E{1 O+n) (e/rnl). 
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Mlu~1 c:ott1!(1!tt'ul I SCH (011I~ % J\.h1 .. .,, SGn f·~·~· ··•"ut %-'h• '-;C!\(Orflrt.,III>S '"" o;cn (dtl~.-.u)')I.A i o~ r:Q!/1)11'1:1115 ~IU<;T W'll fit tiE(iAliVf !1!11 
1, . .......... ,1(\ ...... J>Sr oo~dtlo I JU Pst I lO •·~;r II ,n P...:f I JO 1>?-r I m r~a I :rn ro :r II ,.,,,~, I :rn l""tL I lf) w 1-st I ,., n PSL It )II flt PSl I :m r• l'~:r 1 :ro 111 "~' ?Uitl'>t II :!110/Psf I 2Dftf'•;r l out· ·';c:nlo., ... c;,:n a. lw ..... ~cR,I tA!;fR 
n.,. l S.~t I Wei I I liOI.IIfl I 1\l"'foAln I fi"!C,IIt.,llm""'"' n-.L~tl•• I ni'J.M•I' II~ "'"" f)l"'(.i'tl>t l n ..... hs l 5\lmhf'"'" I 5 t,..,bf-M!I II 'lttlnbHion I S•-ht·•·" I 511ml"'"'" I Sunll't'll!f'l II S tl't·t>ellm I 5Uf!l i"!·- I ~ f"'>f I Su'"' diiT'fl 
{eht~) (tV..-.] (II) l)p(unl) O,(vm) POC Pfol 'II.Abt SC"..n SCI\ non·SCO tiOfoSCri SCR 5r,(\ t'Ot•·Sf'Jl nrtn !;CO ou wr.w311 O<l~llw!lll 01\ wdw:J. OO!wt"'I WII' I ttllhol~l Ci'n1leol~~o·el! Ct'nlleolWf'IJ CflfthOI~ ron,H<Otl ct'l•rid"Jtl (.('OII.(i~ o'}l'l C:NO<I·I.M 
.~-~:..!?. -~~~.:t!i ..:.~ _ _? __ _ ? __ -~4.6 ?~D~ -~~ !.:~-~ ~"~- -~.:...~ !.:~-~ !.:Q~ .!.:Q<!. __ ~_:.~ ... !.:.~-- .. !:9~- --~:29-- .. ..!:~-- ---~9Q<?_ --~:9Q<?__ .. .!.~~-- __ .!.~ -- f-~~ :4..?. .:?,?.~~- .!?.·~- .:~.3-~?. 
1.E+17 1.E+14 -2 5 2 54.7 68.718 1.000 1.000 1.00 1.00 1.000 1.000 1.00 1.00 1.000 1.000 1.00 1.00 1.000 1.000 1.00 1.00 . 18.28 ·2.861 19.99 · 3.361 
1.I~+16 Te+14 ---2 --5-- -:T· ·s4.8 iiii:7ra ·;:ornr 1~ 1foo Too· ·1-:-o<Y r ooo rooo ·r.o<r --,-~orr --,·:aoo·· ··raaa· ·-roo-· ··-;:oo·· ·:rooa·· --·;:ooo·· ··;-~oo··· ···;:oo:· -nr,-r -=2~9:ia·· ··2o.oc)· ·::i"4"3ii 
;·.-t+19 ·re+i4 -:2 ·-s- -r ·s4."9 ·6o:7i6 Tooo 1:006 -;~oo- Too· Tooo rooo -,-.oo- ··1--:-&f ···;:ooo- -.;:oor ··-;:oo-· ··Too·· -rooo·· -Tooo- ··;:oo··· ----;~oo- ·1a.or ·=2~995· · -2o.oo- ~"495-
1 ( 116 1[;+15 ·2 5 2 556 68710 6745 7.224 6197 6149 12.83 12.82 5589 5500 23177 20.369 1~ 40.35 27.313 23806 41.40 4491 26.46 1 2~2 19.65 0 .732 
r·riT'i ·;:E:.·g ·::r -·s·· ··2·· ·557 -61i"7i6 ·s-iilis ·ros7 6Tiis ·6;·as · ;2-:-74 1"2~i3 ·55~ 1ia ·s65ii ··22-.6i-,-- "27."ia2· ··45~9r· --4Tii2-- -2T25T" ··22::ieo· --41"47"- ·--4i>'.34-- --:26.27- ·-,--;34·· ··;1i.91i-· -·6-634-
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Bl PNP-DJPD: lmaue electrode (IE) QE & normalized QE dependence on P+ doping, well widlh, depth and outer n-well elec trode (0.8 urn) placgmcnt ( 0 or 2 urn from the outer well edqe ("shrink"))., 
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pdlw/dlsh PSE Boundary ne><11o outer well on ot•ter wr.lt wall Max Max PSE Boundary nPxt to OUIAr WPll on ou1or welt wall %below Fl %below Fl 
PDC OE@ 55 OE@ 105 OE@ 65 OE@ 95 Q[@ 70 OE 0 90 QC@OO OC 01/FI Nz@ 55 Nz@ 105 Nz@ 65 Nz@ 95 Nz@ 70 Nz@ DO Nz@SS Nz@105 Nz@65 Nz@95 
100 1.167E·OB 1 185E·Oil 1. 142[-00 1 159E·OO 2.950E 06 2.601[-06 2. 143[·03 7 .120E-03 5.443E-06 5 .520[-06 5.33 1E-06 5 .406E·06 1.380E·OJ 1.254E-03 13508 12746 ·13917 -13987 
100.4 1. 104E·OO 1. 170E·OO C2osE:oo 1.242E-OO 9.774E-07 B""o27E-o7 2.110E·03 7.043[-03 5.215E·06 5 563E·06 5 G90f:OG 5.864E-06 4.615E-04 3~79 1E-04 ·14016 -13384 -13372 -15699 
102 2.296E·OO 2.298E·OO 2.34 IE-OB 2.3•13E·Oll 3.342E-06 3. 136E-06 2.449E·03 7 337E-03 9.375E·OG 9.303E-06 9.559E-06 9 .5G7E-06 1.365E-03 l.?OOE-03 -13600 -13612 -t'3692 -13703 
102.4 2'31af:~oci 2 31BE-o8 2.343e-oo 2'34JE·OO 1.140E-06 g);>1E·07 2-504E-03 1.so1E-o3 9.255E-06 025SE-06 93S7E-o6 ii.J57E-OG 4 SSOE-04 3 oa2e-o.i -t3276 -13276 ·1332t -t332l 
104 5.71 1E-08 5.713E-08 5.717E-OO 5 719E-OO 3.535E-06 3 397[·06 3209E-03 0 17tE-03 1.700E·05 1 760E·05 t 782E·05 1762E·05 t 102E-03 1.059E·03 -12139 -12143 ·12t47 -12147 
----uJ4.4 5.707E-08 s .7o7e-:Qo 5.709E·06 s.71 1E:oo 1.334E-66 1.273E-oo J244E-03 !f25-7E-03 T7s9E-05 1 759E·05 1-:760E-OS 1?6oE-os 4 tltE-04 3.923E-04 -12015- 12015 -12015 -12020 
120 2.665E-OO 2.603E-Oil 2.636E-OO 2.640E-OO 5.1091::·06 4.404[-06 2 657E-03 6 7071::-03 t 003[05 1 010[-05 9 .919[-06 9 963E-OG 1.953E-O:l I 657E-01 - 14071 ·151 13 -14260 - t -1 493 
12o 4 2.3ooE'oo 2.204E·OO 2'4ooe~o 2.3o2G'oil 2247E-06 To_1.0E-oo 2-SG7E-03 GSJ3E·03 B.OGOE-06 8 SOfiE 00 !i'3o-1E-oo e.!i68E-oe 0.754E-o4 7.05oE-04 14049 -1~912 -15576 -:)st33 
122 3660E·OO 3676E-06 3.729E·08 3 729E·08 6648E·06 4.7061::·06 2 975E-03 7.045E-03 1 237E-05 1 236E-05 1 253E·05 t 253E-05 2.234E·03 1 582E-03 ·14148 -14141 -14~~ -14216 
122.4 3.637e:oa 3.637E·08 3 605E·OB 3.6s6E:oa 2.387E·06 2.49sE-oo 2.no7E-03 G'G02E-03 1 296E-05 1.29GE·05 1.2ssE-os 1.30GE-05 e 5c>:JE:o-1 ·a~88o'E:o4 -1soao ·1~·080 -14668 -15120 
124 4 SOOE-00 4.526E-OO 4.500E·OO 4.500E-06 8.512E-06 7.713E·OG 3 706E·03 7 097E 03 1.2 15E-05 t 221E-OS 1 215E-05 1 215E-05 2.297E-03 2 082E·03 ·12tW5 ·12476 -12335 -12405 
----;24 4 4 .553E·OO 4.553E-b8 4.ss3E-oo TI53E:oo 3.o52£:-oo 2966E-06 3.564E-o3 7.Gfi!lE:ro TI78E-05 -i 27a'E:Cis l27iiE-OS 127SE-os 8.563E-04 6.320E-04 12940 -12940 -12940 -12940 
140 4.396E-08 4 198E-06 4 273E-08 4 198E-06 2.895E-05 2.610E·05 2 697E-03 7 096E-03 1.510E-05 1 4~9E-05 1 475E-05 14~9E-05 9.!l93E-03 9 011E-03 -13880 13695 ·14242 -13564 
~ 4.357E-oti 4.390E-OO 4.316E-oo· ~E-06 T.086E-os Bo73E-OG 2.89tE-03 7 OOSE-03 1.507E-05 1 521E-05 t.493E=Os 1.535E-05 3.755E-03 3.104E-·03 -=-14234 · t3608 -13925 ·14Jl4 
142 5.596E·OO 5.590E-08 55GOE-08 5.57GE-08 3. 1~6E-05 3 202E-05 3. 19 1E-03 7.3D~E-03 1753E·05 t 754E·05 1.745E-05 17~ 7E·05 9.859E-03 1 028E·O~ -13223 13476 - 13~~ ·1~'297 ~ 5 174E-08 5.166E-08 S.1 13E·Oo 5.1 11E·OO 1.199E-05 1. 128E·05 3 24-0E-03 7.50GE-03 1-:5'93E-05 t590E-Os 1.574E-os 1 573E-os 3 692E-03 3 473E-OJ ·13118 -1J10J t3032 -1-J032 
144 7.370E-OO 7.300E-08 7.370E-OO 7.370E-08 3651E-05 3.550E-05 4 OOOE-03 8902E-03 1003E-05 t805E-05 1003E·05 1 003E·05 6.929E-03 8 685E-03 ·1 1033 ·11048 1 t018 -11033 
144 4 7.380E-OO TIBOE-00 7.360E-OO 7.370EOO 1.357E-05 1.356e-os 4 os7f'-o3 nou7e-o3 1 B1!lE-05 1.8t 9E-05 1 Bt9E-05 1 017E-05 3:l44E-03 3.342E-03 ·1 1153 --11153 t 1168 -111:.18 
160 6.916E-08 6.034E-OO 6 699E-OU 6.96t[-00 3.125E-04 g~Q~04 2.90 tE-03 7.0GOE-03 2.384E-05 2 356E-05 2.:J09E-05 2 407E-05 1.077E-0 1 I 007E-01 ·13897 13595 1 :~? 16 -13178 
"'"'16o.4 7.543E-on 7.692E-oo 7.so3E-oo "7.'7Q.if-oa 1.7ti9E-04 1.333E-04 2.512E~03 59t6E-03 3 oo2E-os 3 062E-OS 2.!Jfi7E-05 io6ilE-05 7.041E-02 s03ose:o2 -16531 -16440 -16117 ~16991 
162 8.51 0E-OO 6.514E-06 6.498E-08 8.502E-08 3456E-QI1 ~~:5J4 3 240E·03 7 402E-03 2.620E-05 2 .621E-05 2.616E-05 2.6tllE-05 1.064E·01 1.117E·01 ·13303 ·13315 -13189 -13213 
162.4 1:Qi4f:o7 1014E.67 T.016E-a? tOtSE-07 2.1G7E-04 2 .771E-o3 G.12JE-03 3 G59E-05 3G5oE:-os 3 GG6E-OS 3.664E-05 7.019E-02 7.i4-6E-02 -16263 -16257 16209 -16197 1.900E-04 
t64 9.945E-OO 9.921E·OO 9 .945E-OO 9.933E-08 3.892E-0•1 4.277E-04 4 057E·03 0 909E 03 2451 E-05 2 44GE-05 2~5 1E-05 2.448E·05 9 594E-02 1.054E-01 ·1 t151 ·1 1111 .-1 t137 ·11 137 
l64 4 t 464E-07 Ti63E-o7 1.;f64f-o7 14(i3E.o7 ~523'[:E 3:3h2E'-04 3 ;c2si=-o3 7.079E·03 4 274E-05 4 271E-05 4 274E:0S 4 ~i1E-OS ui29E-01 9 874E-02 14037 14026 ·14037 -14026 
PDC = <pdope><W><d>.<sllrink distance/2> ; P+ = 10"(17+pdopc) (11/ml); P+ width (um)- 2 x 2"{w/2); P+ depth {urn)- 0.2 x 2.5"{d/2). 
%below Fl 
Nz @70 Nz@OO 
24.55 9.15 
·21:60 7 B1 
~ 14 75 
-7 44 -383 
27.52 ~ 
-9.38 -7 40 
16.78 17.94 
-35.64 136 
20.07 ~ 
-21.74 ·16.39 
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23.56 ~ 
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81 PNP-DJPD: IE QE & normalized OE depcmlcnce on P+ doping, well width, depth and outer n-well electrode (0 .0 um) placement ( 0 or 2 um from lhlLQl]lcr well edge ("s hrink")) ; cant page 2 I 2. 
WPII I s\A,,h.,lol tfW bl;,sl JUlls.il..rtt!J 
n~dope p-dope bnth ~mel depth (um) 
1.E+17I1 1:+ 151 2V I (1 2)/(2)1rcllw/cVsh l PSE Boundary I nelCi toouterwell I onouterwellwall I Max I Max I PSE Elounnary I nexttoouterwell I onollterwell wa\1 l%belowFI l%belown l%bel0wrl 
p, dopo p , wollh p, ""''"' sluink POC OE@ 55 OC@ 105 QC@ 65 QE@ OS QE@ 70 OE@ 00 OC!I DO OEOIIrl Nz@ 55 N7@ 105 Nz@ 65 Nz@ 95 Nz ~~ 70 Nz lill 90 Nz@55 N7@105 Nz@65 Nz@95 N1~70 Nz@90 
I.E+Ill 2 0.2 0 ?DO 1212E-07 1217E-07 1.216E-07 1.218E-07 3193E-OG 2.64GEOG 2.002E-03 fiflOIE-03 5021E-05 5 .ll•I5E·O~ 5.849E-05 58501:-05 1.533E-03 1.367E(l1 -14459 -14•162 ·14476 -14480 1417 221 
TE+19 2 0.2 - 2-- 200 4 1.16JE-07 l.IGJE-07 1162E-071.162E-07 t""i35E-OG 9 205E-07 2.151E-OJ 7 090E-03 5 406E-05 5 407E-05 5.401E-05 5.401E-05 5.276E>o;\ 4 279E-04 -=-i4064 ---=14062 -14016 -14011 -=3if65 -2.83 
1E•19 2 05 0 202 1625E-07 1625E-07 1625E·07 1.625E-07 3.547E-06 3327E06 2502E-OJ 7452E-03 6493E·05 G.493E·05 6493E·05 6.493E·05 1.417E·03 l.329E-03 -13320 -13320 ·13320 ·13320 2129 12.35 
ili19 ··2- -o:s- --2-- 202.4 i':"G2Sf.07 1625E-07 1.S25E·07 1.G25E-07 t.301E·OO -I-.131E-06 2.473E·03 7.351E-OJ G.571E:-o5 ·6.57'iE-05 G.57lE-:o5 ·6.571E-05 5.26tE-:&4.574E-04 ·1350J -13503 · 13503 -1:iso3 -22.79 "':21.24 
1.1 E•19 2 125 0 20·1 2.840E·07 2.840E-07 2.040E-07 20401"-07 3790E-06 3702E-06 3419E·03 0600E·03 0.3071::-05 0.3071:·05 8.307[-05 6.307E·05 I.IOOE-03 t083E-03 ·11410 ·1 1410 ·11410 -11410 27.77 30~1 
I.E1 Hi 2 1.25. -2-- 204.4 2.040E·07 2.040E-07 2.040E-07 2 640E.'-07 i.S79E-06 1 .5 111~-06 3.287E~03 0.346E:o3 fi G39E-05 0 i;jgc:os 0.639E~05 o·639E-o'!j 4.802E-04 4.596Ef.04 · 11862 -1 1B82 -:-;ui82 · 1Ul62 ~ ·24 .63 
N 
VI 
-....J 
1.E"" · '  •1 0.2 0 220 2 294E-07 2.294E-07 2.302E-07 2.306E 07 5.362E-06 <t.752E·06 2 67 1 E-03 6 BOSE· 03 0 509E-05 8 509E·05 0 619E-05 6.633E-05 2.007£:-03 1 779E (13 -14600 -1 4606 ·14600 14645 16.21 I :1.42 
I E•19l 4 -0.2 -2-- 2204 2.101E~07 2~162E-07 Z.IBOE-:o72.164E·07 2405E·06 2049E·06 2501E·03 6552E·03 8449E-05 B.-456E·05 8 479E-05 8464E-OS 9627E-ii4T939E·04 ·15162 -15176 -15100 ·15t62 -46.16 --:ijF 
1.Ei I~ 
1.E•19 
I.E•19 
I.E11 9 
IE•19 
'1":'E.19 
I.E•19 
ili19 
t.E•19 
~ 
1 E+ 19 
T.E.1o 
I.E+ 19 
-. 0 222 2.705E·07 2.710E-07 2.705E·07 2.705E·07 6.785E·06 5 013E-06 2.905E·03 7.065E·03 9 OGOE-05 9 OOOE-05 9.060E-05 9.060E·05 2.273E-03 1 679E-03 -14055 -14086 -14024 ·1 4055 23 70 24.22 
2-- 222.4 2.605-E-07 2.679E·07 2.710E.07 2.705E-07 2.656E·06 UGSE·oG 2.61GE-03 6 622E-03 9.5338>5 9.s12E-o5 9 624E·OS 9.603E-05 9 429E-04 9619E·04 --=-14091 ·14659. -=15176 -14968 -32.67 -26.50 
0 224 34 52E-07 3 452E·07 3.452E·07 3 452E·07 0.677E·06 0 076E·06 3.745E·03 0 095E-03 9.2 10E-05 9.219[-05 9.219E·O~ 9 2 19E-05 2.371E·03 2.157E-03 -12253 -12253 ·12253 ·12253 24 90 32.57 
- 2-- 224T 3 As2E-ci7 3 4s2E-o7 3.4S2E-o7 3.452E:o7 3 4s2E-o6 3.29 1 E-oG 3 s1oE'-iJ:i 7.695E-o3 o.67ciE':Q5 9 61or:-os 967oE-os 9.s7oE-o5 9 s7oE-04 9 2-1 9E-6<~ -12ooo -:J2o96- ·12696 - t289G Ta:28 ":22:58 
_o __ , _2~10 1 4.2~5E.:O? 14 245E-07 14 255E·071 4 257E_:Q7 12.970E-os_j2 G_1!_9E-os J3_-B97~oJ I7.1 t 3E·03 1 1 4G5E-o4J t 4G5E-04 J_!_j69E·Q4Jt 470E-04 Jt .q2§E-g3_19 2_1!_2~~ ~ -139761· -1~9?1_ J·1397t J·I;J~~4 J ttss 1~ 
2 240.4 4.324E-07 4 322E-07 4330E-07 4330E-07 I 126E-05 9495E-06 289 1E·03 7 102E·03 149GE-04 14!l5E-04 1.4!l0E-04 IA96E·04 3.895E·03 3204E·03 ·13993 ·13980 ·13993 ·13993 -=23.ii9l ·545 
1508 
-4.97 
36.71 
'6'03 
~ 2()0 7 107[01 7103E·07 71 \71:·07 71t7r-07 32 13E04 2975E·04 29011:-0J 7085E03 2•t50E-04 24491:04 2453E·04 245JE-04 IIOOE-01 1.026E-01 - 14529 -14021 -1402~> ·14029 968 13.09 2604 m8E-07 7 242E--=-07 ~ "7246E-07 ~4 I 3o6E-04 2'520E-o3 60i'6E-'o3 2iJ63E:04 2 AG5Go4 2eo6E-04 2 o66'E-ii4 7 276e-:o2 5.482e:o2 -:;Gs27 -1654 i- --=-16532 -16541 ·37.17 ·5.74 262 7504E-07 7584E-07 7.562E-07 7500E·07 3527E·04 3690E-04 3246E·03 7.505E·OJ 2336E04 233uE-04 2336E·04 2335E-04 1.086E-01 1139E-01 -13225 -13229 ·13216 -13222 2064 1304 o 5 - 2624 '795'5E-o7 7 959&07 7 D57E-ii7 ~07 2'232E-Q.\ 2 04%04 2.756E:03 'il.'i10E-o3 2oo"7'f.(i4 2 OOOE-04 2iio7F.-04 2.6iioE-04 6.09"ii'E-02 7.422E-02 ~ : (6251 .~1 ~ T2:Q3 --=2o'S3 1.25 ~ 2644 930•1E67 9340E-07 0304E·079387E-07 3 684E-04 3450E:04 342SE-03 7.100E·OJ i740E·04 2-727E-04 2740E·0•1 2.74 1E·04 1.076E·01 T.007E:OI ~25 -13904 -13990 ·1397s 1~,-:j1f.72 ~ 264 6 575E-07 0 575E-07 0 575E-07 8 5791:-07 3 937E-04 4 345E·04 4.053[·03 8 932E-03 2 116E-0•1 2.1 1C>E-04 2 116E·04 2 117E-04 9 7 14E·02 1.072F 01 ·11091 ·1 1096 ·11096 · 11096 40.60 32.44 
PDC- <pdope><W><d>.<shrink distance/2>; P+- 10"(17+pclope) (h/rnl); P+ width (urn) - 2 x 2"(w/2); P+ depth (urn) - 0.2 x 2.5"(d/2). 
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Fl PNP-DJPD : lmaqe electrode {IE) QE & normalized QE dependence on P+ doping, well width, dep th and outer n-well electrode {0.8 umLQiacemen t ( 0 or 2 11111 fro m the outer well edfJe {"sllrink")). 
well 
n·dope 
1 E•17 
P• dope 
I f,'+_!!l 
'I.E+ IR 
; I.E+ IS 
I E1 IO 
1.E< 18 
1bi0 
t.E•· I6 
1.E+ IB 
I E+16 
1 E+1B 
1 E+18 
1.E< 1ii 
1.E>1U 
t.'E.-18 
I E< 18 
t .E<10 
1.E+1 0 
l:E+'"IB 
1 E+ 18 
t.E+10 
N 
VI 
00 
1.E+10 
1.E+1ti 
I.E•1 0 
I .E+10 
suh<tb,.lo 
p-dope 
1 E1IS 
P 1 wid!h 
2 
2 
2 
2" 
2 
2 
4 
4 
4 
4 
4 
4 
u 
8 
8 
0 
8 
n 
1<1 
14 
14 
14 
14 
14 
rw ht."s subJIJ~II 
bollt ~mrt 1lptllh (urn) 
2V I (12}/(2) 
I'+ d~l\h shrink 
0.2 0 
-0.2 2 
0.5 0 
0.5 2--
1 25 0 
-1.25 2 
02 0 
02 - 2--
0.5 0 
o:s 
- 2--
125 0 
I 2S 2 
02 0 
0.2 2-
0.5 0 
- 0.5 -- 2 
1 25 0 
1.25 --2--
-
02 a._ 
02 2 
0.5 0 
0.5 -2-
1.25 0 
1.25 2-
pdlwldlsh PSE Boundary nex1 to outer welt on outer well wall Max Max P SE Boundary nex1 to outer welt on outer well walt 'l'o below Bl %belowBi 
POC OE@ 55 QE@ 105 OE@ 65 OE@ 95 QE@ 70 OE@ 90 OE@OO OE Bllrt Nz@ 55 Nz@ 105 Nz@ G'i Nz@ 95 Nz@ 70 Nz@ 90 Nz@SS Nz@t05 Nz@65 Nz@95 
100 t.203E·OO 1.294E-00 I 1<131:-00 t.t5•1E-OO 5A99E-04 4. 14 9E-0<1 3 007[-01 7 12BE-03 4 OOOE-00 4 304[-00 3.003E·OO :J037E-08 1.029E-03 1.300[·03 99.27 99 22 99.29 ~9.29 
- 1004 T.TilE-oo 1.241E-00 1 270[-00 1.1 16E-OO 1.1 41 E-04 1.236E-04 3.o07E-OI 7.043E-03 j 695E-OS 4i2GE-OO 4.223E-OO 3.711E-Oii 3.79sE-o4 T112f-04 99 29 99.26 99.26 99.37 
102 2 285E-08 2 205E-08 2 3t4E-00 2 314E-OO 5 935E-04 5 015E-04 3339E-01 7.337E-03 6 043E-OO 6 043E-00 6 931E-OO 6 931E-OO I 778E-03 1.502E-03 99 27 99 27 99.27 99 28 
102.4 2310E-OO 2.310E-08 2.320E-OO 2.328E-OO i.4t 4E-04 ·1.240[-04 3339E 0 1 7.501E-03 6 iJ19E-OO 6.919E-Oe 6.972E-oo 6T72E-Oo 4.235E-04 3.73aE-04 9925 "99.25 99.25 99.25 
104 5.71 1E-OO 5711E-00 5.713E-08 5.715E-OU 5 969E-04 6 047E-04 3.927E 01 0. 171E-03 1 454E-07 1 454E-07 1455E-07 1455E-07 1.520E-03 1.540E·03 99 16 99.18 9918 99 16 
104.4 5.7osr:-=iis 5.706E-08 s.7a7E"-oa 5.707E-Oil l .477E-04 1A35E-04 3.929[-01 8.257[·0:3 1.452E-07 Tis2E-6? 1i5JE-07 I 453E-07 3:7soE-04 ~-- 99.t7 99i7 99.17 99.17 3.653E-04 
120 2.77 1E-06 2.599E-OB 2.705E-OO 2.673[-011 9. 189E-04 7.90UE-04 3916[-01 6.707E-03 7.070E-08 G 637E-08 G.907E-OO G 827E-OO 2.347E-03 2.020E·03 9~ 29 90 3·1 99.30 99.31 
-126"4' 2.355E-OB 2.247E-08 2.35 1E-08 2.17 1E-OB 2.5J6E-04 2.009E-04 3"920E-01 6533E-03 5 994E-OO 5.719E-OO 5 904E-08 iiS24E-08 6~454E-04 7.146"f:'ii4 9!i.33 99-:33 99:36 99.36 
122 36G6E-00 3.666E-08 3690[-06 3 690E-08 1.181E-03 9.221E-04 4 224E-Ot 7 045E-03 6 680E-08 8 GOOE-08 8.755E-OO 0.755E-00 2.795[-03 2. 163[-03 99 30 99.30 99.30 99.30 
~2:4 3.629E-oti 3.629E-08 T'G49E-OB 3.649E-OB 2.970E-04 3 246E-04 4 25 1E-01 6.602E-03 B 536E-OB 8.53GE-08 e.soJE-oil o so3E-oil sJ:iasE-o4- 7.636E-04 99.:.14 9934- . 99.33 90J4 
124 4.500E-06 4 SOOE-06 4 !i26E-OO 4 500E-00 1.448E-03 1.46UE-03 4.634E-Ot 7 .997E-03 9 712E-00 9 7 12E-OO 9 .767E-00 0.712E-08 3. 1~fiE-03 3.167E-03 9920 90.20 99.20 99 20 
124.4 4.553E-08 4.553E-08 4.553E-OO 4.553E Do 3.464E-04 -3.458E-04 4.640E-01 7 669E-03 9.i97E-OO 9.797E-OB 9.797E-oo ·9.797E-Oo 7.454E:o4 lA41'E-04 99.2:f 99 23 99.23. 99.2:i 
140 4.447E-08 4.260E-OO 4 198E-06 4 330E·OO 4.661E-03 4.32-tE-03 4 oa2r-o1 7.09GE-03 1.009E-07 1.050[-07 1.(}20~Q7 I OGIE-07 1.142E-02 1059[·02 99.20 99 20 99 30 99 27 
----;-4o 4- 4'290E-08 4.502E-08 d.343E-OO 4 345E-OO I 259E-03 1 248E-03 'J"ooot:-01 7 .005E-03 t.MIE-07 1.1o3E-07 1.064E·07 I 065E-07 :l.oo5E-o3 3.0S8E·OJ 9930 99.27 9929" 9931 
142 5.680E-08 5.576E-OO 5625E-OO 5 629E-OO 5.566E-03 5 223E-03 4 316[-01 7.394E-03 1.316E-07 1.292E-07 1.303E-07 L304E-07 1.290E-02 1.210E-02 ~ 9~ 26 99.25 !l92~ 142 4 52tsE:oa 5 213E-00 5 ta7E-Oa 5 185E-08 lAll4E-OJ 1 449E-03 4 320E-01 7.506E-OJ 1.205E-07 1.205E-07 1.199E-07 L198E-07 3.452&03 3.3<19E-o3 99 24' 992A. 99.24 99.24 
144 7.370E-OO 7.370E-OB 7.360E-OG 7.370E-OO 6A20E-03 6434E-03 4551[-01 8.9G2E-03 1.619E-07 1.619E·07 1.621E-07 1.619E-07 1 A 11 E-02 1414[-02 99.10 99.10 99 10 99.\0 
144 4 7.3GOE-08 7.300E-OO 7.370E-OG 7.3ooE":oo 1.53 1E-03 t.567E-03 4.s65E-01 A GO?E-03 1.617E-07 CfiT7t 01 1o14E-o7 I .S17E-o7 3:3s3E-'<i3 3432E-O:i oil-:1"1 99.11 99. 1 ( !l9 l l 
IGO 6 991 E-00 7.060E-08 /,1 17E-OO 7. 11 7E-06 4 OO IE-02 4 152E-02 4 10•1[-0 1 7.0GOE-03 1.703E-07 I 720E-07 1.734E-07 I. 734E-07 1 l~ I. ISOE-01 9929 99 27 99 25 99.28 ~ i590E-08 7.782E-08 7.743E-o8 7.543E·OO 212BE-02 2.104&02 ;, 204E-oi 5 .976E-03 1."oo5E-07 -t.051e:07 1.842&67 1.794E-07 5.061E-02 5005E-02 99.40 9940 99.38- 99.41 
162 0.487E-OO 0.463E-08 8.547E-08 8.536E·OO 5.021E-02 5566E-02 4.341E·OI 7.402E-03 1955[-07 1.954E-07 t 969E-07 I 966E-07 1 341E-Ot i 1262E-01 99.25 99 25 9925 99.::'5 
162.4 1.012E-07 · t.ot2E-07 LoWE-67 1."017E-07 2 875E-02 ·2.7IOE-02 4.526E-01 6 123E-03 2ZJ6E-07 2.236E-07 2.248E-07 2.248E-07 G 353E-o2T5 9o9E-o2 99.39 99.39 !'9.39- -99.39 
164 9 92 1E-08 9.933E-08 9.933E-OO 9.92 1E-08 7.358E-02 7. 111 E-02 4 553E·01 8 909E-03 2. 179E-07 2. 181E-07 2. 10 1E·07 2179E-07 _1616~0~~..,!262E·OI 99. 11 991 t !l9.11 99.1 1 
164.4 1.463E-07 t .•163E-07 \ .i G3t:::Q7 1.463[-07 4. 118E-02 4.098E-02 4.o3oE-o1 7.o7oE-o5 3.024E-07 :l624E-07 3.024E:07 3.024E-07 8.511 E-02 6.471 E-02 99.29 99~29 9929 !JH 29 
PDC- <pdope><W><d>.<shrink distancc/2>; P+ - 10"(17+pclopc) (h/rnl); P+ w idth (urn)- 2 x 2"(w/2); P+ depth (urn)- 0.2 x 2.5" (d/2). 
%belowBI 
Nz@70 Nz@nO 
-32.53 1007 
-17.76 -ii.ii 
~ -17.31 6.92 3.69 
-37.97 4543 
8:57 s:a9 
-20 10 -21.!\6 
26:"28 -1 .36 
-25.1 1 -37.9fi 
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-36.07 52.16 
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Fl PNP-DJPD: IE QE & normalized QE dependence on P+ eloping, well wiclth, depth and ou1cr n-wcll electrode (Q.8 uml_Qiaccmcnt ( 0 or 2 Lllll from the outer we ll edqc ("shrink")); cant ~c 2/2. 
N 
Ul 
1.0 
Wf'll lsuhstt~t•l ti'!Y hl·'"l nJhat_Lw ell 
n-dope P"dope tW'IIh rlr1CI dnplh lum) 
1 E • 171 1 r o 151 2 v I (12)/(2) jpdlw/dlsh I PSE Boundary I ne>cl "' ou1er well I on ou1c1 well wall I Ma~ I Ma~ I PSE Boundary I ne>c11o outer well I on nuler well wall I% below Bl I% below Bl I% belnw 81 
P• dopo Po wodlh Po dop oh r:hrlnk PDC OE@ 55 OE@ lOS QE ~ 65 OC@ 95 OE@ 70 OE@ 90 OCIIAO OEOIIFI N1 ~f55 ~ 105 -Nz @ 65 Ni.l1il§5 Nl ~ 70 Nz @ 90 Nz@55 Nzfilll05 Nz@l65 N7fil>05 Nz@ 70 N7<il'90 
1.Eo19 ~ 0.2 0 200 1 210[07 121 5E-07 12 15[-07 1214[07 5407E-04 4~30E-04 302GC·01 6661[03 :l090E-07 4.014[-07 4 013f:-07 4012E-07 1767E-03 1.306E03 993 1 99.31 09.31 9931 -16.51 ·2.26 
1E •1 0 2 0.2 2- :>Oo 4 1.157E-07 1157E-07 1.160E-071160E-il7 117oE:o, 1.261E-o4 3030f-01 7.0iiOE-03 3fl16E-07 3o1nE-iJ7 3.626E:o7 3-il26E-07 3-0G-1E·04 4'161E-o4 9929 . -9929 9929 99.29 26.82 2 .76 
1£:.19 2 0.5 o - _ 202 1.625E·07 1.62SE-o7 1. 625E-o7 T625E-07 6 047E-04 s 003E-:04 3J~•OE~ii 1 7 452E·03 4 ·a39E-07 4 039E·07 4.B39E-07 4 039E-07 1.60 1f.o3 1.517E-:Q3 99.25 99 25 99.25 99"25 :v.oo -14 oo 
10E:.t9 2 o.5 - 2- 202:4 1.625E·07 1.625E-o7 1625E·07 L62SE-o7 H41E-o4 t.269E·04 T3G4E·ol 7.351E-oa 41i31E-o7 ·4 831E-o7 4.8:iiE::o7 4 s31E-o7 4 20sE-04 3.772E-04 99 26 · 99'26 99 26- -9s-<t1 1lf.56 '"i7:52 
IE o 19 2 I 25 0 204 2.840E·07 2.840E-07 2.8401':·07 2.840E-07 6.039E-04 6. 114E-04 3.9351':·01 0 666E-03 7 217E-07 7 217E·07 7.217E·07 7.217E-07 1.535E-03 1.554E-03 99. 13 99 13 99. 13 99 13 ·3645 ·43 50 
1.1~ 1-19 2 125 2 204.4 2.S40E:07 2.040E·07 2 840E-07 2.1i'40G07 1.496E-04 l.45JE·04 3.93SE-01 0.346E-03 72 IOE·07 7.210E·07 7.210E:a7 7.210E-07 3.797E·04--3.688E·04 "'!J9.17' 9917 99.17 -9917 20.93 19.76 
I.Eo 19 4 0.2 0 220 2.292E·07 2292E-07 2.300E-07 2206E-07 9 411 E-04 0.065E-04 3925E·01 6605E·03 5640E·07 5040E·07 5.6GOE-07 5.855E·07 2.396E-O~ 2055E-03 99.32 99.32 99.32 99.32 -19.44 15.50_1 l.E tiD 4 0.2 - 2 220A 2.i81 E-07 2.18 1 E-07 2."1 04E·07 2.i84E-07 2.595E-04 2 071E-04 3'939E-01 6 .552E-03 5 536[-07 5.S36E-07 5'546E-07 5 546E·07 6.587&04 7.209E·04 99.34 99.35 99.35 99.34 31.58 8.i81 
I.E+ 19 4 0.5 0 222 2.705E·07 2 705E-D7 2 71 OE-07 2.705E·07 1 259E-03 9 364E-04 4 226E-O 1 7.065E-03 6 400E-07 6 400E-07 6.414E-07 6.400E-07 2.979E·03 2.216E-03 99.29 ~9.30 99 29 09 29 -3105 ·3197_1 
1.E<I9 ----;i- -----o.s- --2-- 222 4 2.705E·Ol 2.705E·07 2.679E-07 2.710E-07 3-023E-04 3-_:J01E·04 4.'2S3E·01 6 622E·03 6.359E-07 6.'359E-07 6 299E·07 6.373E-07 7.I 07E-iJ4 7.762E-04 99.33 99-:J:i- 99::35" 99.34 24.63 2().951 
__y~ 0 ~2•1 3 452E·07 ~- 452E-07 ~52E-07 3452.§_·!!_7 1 460E·03 I 400E-03 ~2~1;_-0 1 0 095UJ3 ~3E·07 .?._463r:;_-o2_ 7 463~·07 7463E-07 ~. 157E-03 3, 1~9E·03 ~ ~.1.9 ~ ~~-~9-~ ·4831 
1.25 2 224.4 3.452E·07 3 452E·07 3.452E-07 3.452E·07 3 497E-04 3.490E-04 4.640E·O 1 7 695E-03 7.44 1 E-07 7.441 E-07 7.44 1 E·07 7.44 1 E-07 7.530E·04 7.521 E-04 99.23 99.?3 99.23 99.23 22.05 18.42 
_Q_2 0 _240 j_J_39E-07 4 241 E-07 4.251E·07 4 249E·OI 4 736E-03 4 ~92E-03 4 073C:Q 1 7. 113E-03 1.041 E·OG 1.04 1 E 06 1 044E·QG ~3E-OG _!_1 63E·02 _l,Q?9E-02 99.29 -~q 2_Q ~!:!-2_9 ~9- ?~ -13.45 ~q_1 0.2 2 240.4 4320E-07 4.322E-07 4.326E-07 4326E·07 1.280E·03 1.268E03 4071E-01 7102E-03 1.061E-06 1.062E·06 1.063E·06 1.063E-06 3.144E-03 3 115E-03 9929 99.29 99.29 99.29 19.20 5.17 I 
1.E•19 8 0.5 0 242 4 652E-07 4 654E-07 4 654E·07 4 655E-07 5 399E·03 5313E·03 4 300E·01 7 417E-03 1 002E-DG 1 002E-06 1.082E-06 1.003E-06 1.256E-02 1.236E-02 99.26 99 26 99 26 99 26 -25.95 -17.75 
I.E+ 19 8- Q5 --- 2 -- 242.4 4.349&07 4 Jd9E·07 os·u~-07 4 .347E-07 l.520E·03 1.475E-03 440GE--OI 7.6s7E::-o3 !f871E-D7 9:871E·07 9.875E·07 9.066E·07 J449E-03 3.348E-OJ 99.23 -99:23" 99:23 99.23 7.69 4.74 
1.E;19 A 1.25 0 244 5615E·07 5.619E-07 5.619E·07 5.619[-07 6 493E-03 G.500E-03 4 534E·01 9009E-03 1 239E-06 1.239E-06 1.239E·OO 1.239E·06 1.432E-02 1.435E·02 99. 10 99.10 99.10 99 10 -55.70 ·6315 
1·1 Eo 19 o - ~-~s 2 24,1 •1 s 633E-o7 5 Go9E-o7 s.6 1sE-o1 5:6<~nf:-o7 1.s<~5E-ci3 I.S04E·03 4.s-49E-o 1 a .sosE-o3 123oE-06 -1.2:i3E-oa T:234E-o6 , 242E-06 3.39st=:o3 3.4BJE:03 99. 11 99. 11 -:q'911 9D 1-6 2:30 -:o.ci3 
1 Eo 19 14 0 2 0 260 7.099E·07 7 099E-07 7 11 1 E-07 7. 109E-07 5 021 E·02 4.D32E-02 4.094E-0 1 7 085E-03 1 734E-06 1 734E·OG 1.737E·06 1.736E·06 1.22GE·01 1.1 OO!o·O 1 99.29 99.29 99.2~ 99.29 -10.72 15 07 
IE+ 19 14 Q2 2 - 260.4 7.23GE·07 7 234E·07 7.242E-Ol 7.236E-07 2.230E-02 2. r79E-02 4 202E:01 6 016E·03 17i2E-06 1.722E-06 1.723E-06 I 723E·06 5 306E-02 5'1S4E-02 99.40 99 40 99 40 9940127.'10 --:s:4J 
I.E-t19 14 0.5 0 262 7 584E-Q7 7 582E-07 7 506E-07 7.562E-07 5 937E-02 5 666E-02 4.326E-01 7.505E-03 1 753E 06 1 753E-06 1.754E-06 1.753E·06 1.373E·01 1.310C-01 99.25 99 25 99.25 99.25 -26.33 -15.00 
(819 14 ---o5 - 2 262'4 7.961E·07 7 967E-07 7.965E-07 7.959E-07 2:'993E-02 2.777E-o2 4.'51ol::'-o1 6 11 oE-o:i ussE-o6 1.766E-oii 1.766E·06 1.765E·06 6 6aGE-02 6.158f.o2 99.39 - 9939 99.39 99.39 118:'65 11 03 
LEo19 14 1 25 0 264 6.579E-07 6.575E-Oi 8.575E-07 6.579E·07 7421E·02 7.201E-02 4.536E·01 0932E-03 1.09 1E-06 1 fl90E-06 1.090E-06 1.091E-06 1.635E-01 1.587E·OI 99. 11 99.11 991 1 9911 -68.35 -4601 
I)E':>1 9 1•1 1.25 2 264.4 9.346E-07 9 304E-07 9.3G4E-67 if3ii-4E:07 4 110E-02 4.159E·02 4:01flE:O I 7.iOOE-03 1.940E-06 1.947E-OG --r:g;rjE:06 iJi'47E-OO 6.530E-02 8'631t:o2 99.29 oii-29 99.2[1 n9-29 20.70 14.32 
PDC = <pdope><W><d>.<shrink distance/2>; P+ = 1 0"(17+pdope) (h/ml); P+ width (um)- 2 x 2"(w/2); P+ depth (um)- 0.2 x 2.5"(d/2). 
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Bl NPN OJPD: Image cathode QE & NOE dependence on N+ doping, N+ well width, N+ well depth and outer p-well anode (0.8 urn) placement ( 0 urn from the outer well edge). 
outer well I subs Irate Maximum and minimum values for each of the 3 doping regimes are shaded and outlined respectively. 
PDC = <pdope><W><d>.<shrink distance/2>; P+- 1 0"(17+pdope) (h/ml); P+ width (urn)= 2 x 2"(w/2l: P+ depth (urn)- 0.2 x 2.5"(d/2). 
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61 NPN DJPD : Image cathode qE & nQE (electron current QE) dependence on N+ doping, N+ w ell w idth. N+ well depth and outer p-wcll anode (0.8 um) placement ( 0 um from the outer well edge). 
( N6/ QE can only be positive : negative nQE & QE serve to indicate the nQE & QE were calculated from nega tive electron and total currents). 
outer well substrate rev b1os sullst I outer well de,Qth: Maximum and minimum values for cac/1 of tile 3 dogin!J. reaimcs arc shaded and outlined resQ.ectivel'l. 
p-dope n-dope both 1unct (12)/(2) urn 
1 E+17 1.E+1 5 2V ptxel boundary next to outer well on outer well wall next to weil centre Expected Max Q[ Maxtmum QE 
N• dope N+ Wldlh N+ deplh PDC QE@55 nQE@ 55 QE@ 105 QE@65 nQE@ 65 QE@95 QE@70 nQE@ 70 QE@90 QE@75 nQE@ 75 QE@B5 QE@BO nQE@ 80 MaxQE 61/ Fl 
1 E+18 2 02 100 5.671E-09 5.649E-09 5 463E-09 6.663E-09 6.641E-09 7.161E-09 3.063[-06 3 063E-06 2.478E-06 2.127E-04 2.127E-04 2.381E-04 2.120E-03 2.136E-03 2.120E-03 7.094E-O~ I 
1.E+18 - 2- 0.5 102 1.31\7E-08 1.346E-08 1.365E-08 1.296E-08 1.295E-08 1.325E-08 3 247E-06 3.247E-06 3 236E-06 3.007E-04 3.007E-04 2 705[-04 2.403E-03 2 463E-03 2.403E-03 7.224E-03! 
1 E+18 --2-125 104 3.710E-08 3.710E-OB 3 704E-08 3.727E-OB 3.726E-08 3.725E-OB 3 498E-06 3.49BE-06 3.623E-06 3 059E-04 3.059E-04 3.567E-04 3.352E-03 3.566E-03 3.352E-03 8.544E-b3 
1 E+18 4 02 120 1 .505E-OB 1.502E-OB 1.455E-08 1.447E-OB 1.444E-08 1.256E-OB 5.385E-06 5.385E-06 4.124E-06 4.607E-04 4.607E-04 4 8311E-04 2.655E-03 2.671 E-03 2.655E-03 6.792E-03 
1.E+18 4 ---o.s 122 2.132E-08 2.131E-08 2. 117E-08 2.059E-OB 2.058E-08 2.125E-08 6.796E-06 6.796E-06 4T11E-06 6. 194E-04 6.194E-04 5.337E-04 2.951 E-03 3.023E-03 2.951E-03 6.995[-03 
1.E+1B --4- 1.25 124 2.4B9E-08 2.4BBE-ci8 2.489E-OB 2.489E-OB 2488E-08 2.489E-08 8.492E-06 B.492E-06 8.040E~OG 7.06SE-04 7.068E-04 i.734E-04 3.870E-03 4 2ooE-:o3 3.870E-03 8.345E-03 
1.E+18 B 0.2 140 2.466E-OB 2.463E-08 2.195E-OB 2.020E-OB 2.016E-OB 2.069E-OB 2.777E-05 2.777E-05 2.549E-05 1 379E-03 1.379E-03 1.50BE-03 2.925E-03 2.949E-03 2.925E-03 7.163E-03 
1.E+1B B 05 142 3.047E-OB 3 045E-08 2.980E-OB 3.062E-OB 3 061 E-08 3.060E-08 3 798E-05 3.79BE-05 3.341E-05 1.664E-03 1.664E-03 1 f43E-03 3 223E-03 3 315E-03 3.223E-03 7465E-03 
1 E+18 - 8- -1.25 144 4.154E-OB 4 153E-OB 4 139E-OB 4. 154E-OB 4. 153E-OB 4. 16BE-OB 3.523E-05 3.523E-05 3.780E-05 2 159E-03 2.169E-03 2.393E-03 4.063E-03 4.478E-03 4.063E-03 8.901E-03 
1.E+1B 14 0.2 160 3 131E-OB 3 12BE-OB 3419E-OB 3.500E-08 3 496E-08 3.305E-08 2.959E-04 2.959E-04 2.546E-04 2.801E-03 2.801E-03 2.823E-03 2.904E-03 2.927E-03 2.904E-03 7.076E-03 
1.E+18 14 05 162 4.649E-08 4 647E-08 4.713E-OB 4.614E-08 4 613E-08 4.603E-08 3.899E-04 3 899E-04 3.615E-04 2 847E-03 2847E-03 3.297E-03 3.246E-03 3 337E-03 3.246E-03 7 4711E-03 
1 E+18 _ 1_4_ f25 164 5.372E·08 5.372E-08 5.372E-OB 5.402E-OB 5.401E-OB 5.321E-OB 4 .067E~04 4.067E-04 4.361E-04 3.864E-03 3.881E-03 4.443E-03 4.028E-03 4.44 1E-03 4.028E-03 8.834E-03 
1 E+19 2 0.2 200 -2.342E-07 -2.342E-07 -2.330E-07 -2.327E-07 -2.327E-07 -2.325E-07 2.906E-06 2.906E-06 2.292E-06 2.183E-04 2. 183E-04 2.427E-04 2. 147E-03 2 168E-03 2. 147E-03 7.112[-03 
1.E+19 2 0.5 202 -3.691E-07 -3.691 E-07 -3.691 E-07 -3.691E-07 -3.69 1E-07 -3.691E-07 2.929E-06 2.929E-06 2.909E-06 3.064E-04 3.064E-04 2.747E·04 2.430E-03 2.496E-03 2.430E-03 7.247E-03 
1.E+19 - 2- ----=f:25 204 -7.566E-07 -7.566E-07 -7.566E-07 -7.566E-07 -7.566E-07 -7.566E-07 2.748E-06 2.748E-06 2.871E-06 3.092E-04 3.092E-J''l 3.602E-04 3.375E-03 3.600E-03 3.375E-03 8.574E-03 
1.E+19 4 0.2 220 -4 .628E-07 -4.628E-07 -4.627E-07 -4 .627E-07 -4.627E-07 -4 .639E-07 5.054E-06 5.054E-06 3.739E-06 4.723E-04 4.723E-04 4 .934E-04 2.671E-03 2 692E-03 2.671 E-03 6.808E-03 
1.E+19 4 0.5 222 -5.905E-07 -5.905E-07 -5.905E-07 -5.905E-07 -5~ 905E·07 -5.905E-07 6.319E-06 6.319E-06 4.380E-06 6.313E-04 6.313E-04 5 420E-04 2.963E-03 3 043E-03 2.963E-03 7.015E-03 
1.E+19 4 ~ 224 -7.254E-07 -7.254E-07 -7.254E-07 -7.254E-07 -7.254E-07 -7.254E-07 7 816E-o6 7.816E-06 7.378E-06 7 129E-04 7.129E-04 7.820E-04 3.878E-03 4.22.1E-o3 3.878E-03 B 369E-:03 
1 E+19 8 02 240 -8.089E-07 -8.089E-07 -B.073E-07 -8.076E-07 -8.076E-07 -8.113E-07 2.743E-05 2.743E-05 2.511 E-05 1.393E-03 1.393E-03 1.522E-03 2.926E-03 2.958E-03 2.926E-03 7 180E-03 
1 E+19 8 0.5 242 -9 522E-07 -9.522E-07 -9 520E-07 -9.523E-07 -9.523E-07 -9 524E-07 3.747E-05 3.747E-05 3.309E-05 1 680E-03 1 680E-03 1.762E-03 3.221E-03 3323E-03 3.221E-03 7.483E-03 
1.E+19 --8- 1:25 244 -1.200E-06 -1.200E-06 -1.200E-06 -1.200E-06 -1.200E-06 -1.200E-06 3.446E-05 3.446E-05 3.707E~o5 2.177E-03 2.188E-03 2.412E-03 4.061E-03 4.493E-03 4.061E-03 8.923E-03 
1.E+19 14 0.2 260 -1.338E-06 -1 .338E-06 -1.344 E-06 -1.344E-06 -1.344E-06 -1 .347E-06 3.037E-04 3 037E-04 2.577E-04 2 B15E-03 2.815E-03 2.834E-03 2.904E-03 2.935E-03 2.904E-03 7.092E-03 
1.E+19 14 -0.5 262 -1.525E-06 -1.525E-06 -1.524E-06 -1.525E-06 -1.525E-06 - 1.525E-06 3.9BOE-04 3 980E-04 3.665E-04 2.859E-03 2.860E-03 3.309E-03 3.243E-03 3.344E-03 3 243E-03 7.491 E-03 
1.E+19 _ 1_4_ - 1.25 264 -1.733E:o6 :1.733E-06 "1.734E-06 ~1.733E-06 ~1.733E-06 =1.733E-06 4.092E-04 4.092E-04 4.413E-04 3.877E-03 3,8951:;-03 4.460E~03 4.026E-03 4 .45SE-03 4 .026E-03 8.854E·03 
1.E+20 2 0.2 300 -6.710E-07 -6.710E-07 -6.710E-07 -6.704E-07 -6.704E-07 -6.704E-07 2 478E-06 2.478E-06 1.862E-06 2.191E-04 2. 191E-04 2.435E-04 2.149E-03 2 174E-03 2.149E-03 7.122E-03 
1 E+20 -2- ()"5 302 -9.529E-07 -9.529E-07 -9 546E-07 -9.529E-07 -9.529E-07 -9.546E-07 2 359E-06 2.359E-06 2.333E-06 3.071E-04 3 071E-04 2.752E-04 2.430E-03 2.502E-03 2.'130E-03 7.257E-03 
1 E+20 - -2- 1:25 304 -1.750E-06 -1.750E-06 -1 750E-06 -1.750E-06 -1 .750E-06 -1.750E-06 1.765E-06 1.765E-06 1.885E-06 3 089E-04 3 089E-04 3.601E-04 3.371E-03 3 606E-03 3.371 E-03 s.584E-03 
1.E+20 4 0.2 320 -1.262E-06 -1.262E-06 -1.263E-06 -1 .262E-06 -1 .262E-06 -1.262E-06 4 271 E-06 4 271 E-06 2.956E-06 4.741 E-04 4 741E-04 4.951E-04 2.669E-03 2.696E-03 2.669E-03 6.816E-03 
1.E+20 4 0.5 322 -1.540E-06 -1 .540E-06 -1.540E-06 -1.539E-06 -1 .539E-06 -1 .541E-06 5392E-06 5 392E-06 3.442E-06 6.331E-04 6.331E-04 5.432E-04 2.959E-03 3.046E-03 2.959E-03 7.024E-03 
1.E+20 4 1.25 324 -1.912E-06 -1.912E-06 -1.912E-06 -1.912E-06 -1 .912E-06 -1 .912E-06 6.643E-06 6.643E-06 6.211&06 7. 131E-04 7.131E-04 7.82?E-04 3 869E-03 4 22sf:o3 3 869E-03 8.377E-03 
1.E-+20 8 0.2 340 -2.265E-06 -2.265E-06 -2.266E-06 -2.263E-06 -2.263E-06 -2.264E-06 2.609E-05 2.609E-05 2.374E-05 1.395E-03 1.395E-03 1.524E-03 2.920E-03 2.958E-03 2.920E-03 7.190E-03 
1.E+20 8 o:s 342 ·2.579E-06 -2.579E-06 -2.570E-06 -2.579E-06 -2.579E-06 -2.570E-06 3.595E-05 3.595E-05 3. 161E-05 1.681 E-03 1.681 E-03 1.764E-03 3.212E-03 3.323E-03 3.212E-03 7.491 E-03 
1.E+20 - 1.25 -3.1 19E-06 -3. 118E-06 -3. 123E-OG ~: --· -3. 11 5E-06 3.263E-05 3.263E-05 3.525E-05 2.178E-03 2.190E-03 2.'114E-03 4.047E-03 4.494E-03 4.047E-03 8.930E-03 8 344 -3. 119E-06 -3. 123E-06 
1.E+20 14 0.2 360 -3.856E-06 -3.856E·06 -3 855E-06 -3.854E-06 -3 854E-06 -3.854 E-06 3 032E-04 3.032E-04 2.564E-OI\ 2.816E-03 2.816E-03 2.835E-03 2.896E-03 2.934E-03 2.896E-03 7.099E-03 
1.E+20 - -14- 0.5 362 -4.199E-06 -4.199E-06 ·4.189E-06 -4.203E-06 -4.203E-06 -4.205E-06 3.972E-04 3.972E-04 3.654E-04 2.859E-03 2.860E-03 3.309E-03 3.233E-03 3.343E-03 3.233E-03 7.497E-03 
1.E+20 --14- 125 364 =4 .634E'06 =4 .634E-06 -4.631E-06 =4.640E-06 -4.640E-06 -4.631E-06 4.072E-04 4.072E-04 4.398E-04 3.876E-03 3.895E-03 4.460E-03 4.010E-03 4.455E-03 4.010E-03 8"'859E~03 
PDC = <pdope><w><d>.<shrin k distance/2>; P+ = 10"(17+pdope) (h/rnl); P+ width (urn)= 2 x 2"(w/2); P+ depth (urn)= 0.2 x 2.5"(d/2). 
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Fl NPN DJPD: Image cathode QE & nQE (electron current QE) dependence on N+ doping, N+ well width, N+ well depth and outer p-well anode (0.8 urn) placement ( 0 urn from the outer well edge). 
( NB/ QE can only be positive : negative nQE & QE serve to indicate the nQE & QE were ca lculated from negative electron and total currents). 
I outer well substrate rov bcas subst I outer well de~ Maximum and minimum values for each of the 3 doeing regimes are shaded and outlined resllectivcly. 
P·dope n-dope both 1unct (12)/(2) urn 
11 E+17 1.E+15 2V ptxel boundary next to outer well on outer well wall next to well centre Expected Max QE Maxtmum QE 
' N• dope N+ Wldlh N • depth PDC QE@55 nQE@ 55 QE@ 105 QE@65 nQE@ 65 QE@95 QE@70 nQE@ 70 QE@90 QE@75 nQE@ 75 QE@85 QE@80 nQE@ 80 MaxQE Fl/81 
1.E+18 2 0.2 100 5.191E-09 5.169E-09 6.357E-09 5.509E-09 5.487[-09 6.569E-09 5.286E-04 5.286E-04 4.174E-04 0.036391 0.036391 0.032822 0.298892 0.302794 0.29889 141 0 
1.E+.f8 -2- o-:s- 102 1.309E-08 1.308E-08 1.378E-08 1.282E-08 1.281 E-08 1.313E-08 5.966E-04 5.966E-04 5.058E-04 0.041800 0.041800 0.037948 0.332697 0.346132 0.33270 156.9 1 
1.E+18. - 2 125 104 3.725E-08 3.724E-08 3.724E-08 3.733E-08 3 733E-08 3.720E-08 5.967E-04 5.967E-04 6.176E-04 0048741 0.048741 0.047734 0.392320 0.429583 0.39232 132.91 
1.E+18 4 0.2 120 1.410E-08 1.408E-08 1.303E-08 1.341E-08 1.338E-08 1.360E-08 9.221E-04 9 221E-04 7 975E-04 0.072271 0.072271 0.070338 0.390916 0.395107 0.39092 ~ 1 E+18 --4- ----o-5 122 2.056E-08 2.055E-08 2.056E-08 2.098E-08 2.097E-08 2.120E-08 1.241E-03 1.241E-03 9.292E-04 0.101664 0.101664 0.083096 0.421864 0.438876 0.42186 14-..01 
1.E+18 4 ----:r25 124 2.489E-08 2.488E-08 2.489E-08 2489E-08 2.488E-08 2.489E-08 1.416E-03 1.416E-03 1.579E-03 0.107335 0.107335 0 113240 0.463793 0.52261 2 0.46379 157.2 
1.E+18 8 0.2 140 2.074E-08 2.070E-08 2. 138E-08 2.242E-08 2.239E-08 2.034E-08 4.673E-03 4.673E-03 4 325E-03 0.218813 0.218813 0.219237 0.408392 0.414272 0 40839 138 4! 
1.E+18 - 8- 05 142 3.060E-08 3.059E-08 3.110E-08 3.015E-08 3.014E-08 3.027E-08 5.366E-03 5.366E-03 5.226E-03 0.254226 0.254255 0.251641 0.431787 0.452026 0 43179 146 ~I 
1.E+18 --8 125 144 4.139E-08 4.138E-08 4.139E-08 4.154E-08 4.153E-08 4.154E-08 6.373E-03 6.373E-03 6.352E-03 0.309891 0.312019 0.307045 0.456468 0.526058' 0.45647 154.7 
1.E+18 14 0.2 160 3.479E-08 3.476E-08 3.447E-08 3.521E-08 3.518E-08 3.389E-08 4.944E-02 4.944E-02 4.755E-02 0.410172 0.410172 0.410094 0.410423 0.416302 0.41042 139 11 
1 E+18 14"" -o:s- 162 4.666E-08 4.665E-08 4.525E-08 4 631E-08 4.629E-08 4.606E-08 5.763E-02 5.763E-02 5 566E-02 0.456803 0 456868 0456427 0.434240 0.454458 0.43424 ""1471! 
1.E+18 - 14- 125 164 5.372E-08 5.372E~08 5.358E-08 5.402E-08 5.401E-08 5.358E-08 7.337E-02 7.337E-02 7.066E-02 0.542374' 0.545909 ' 0.541854 0.455995 0.525578 0.45599 154.5 
1 E+19 2 02 200 -2.355E-07 -2.355E-07 -2.355E-07 -2.348E-07 -2.348E-07 -2.331E-07 5.429E-04 5.429E-04 4 257E-04 0.037390 0.037390 0.033492 0.301848 0.306996 0.30185 102.3 
1.E+19 --2- 05 202 -3.691 E-07 -3.691 E-07 -3.691E-07 -3.691E-07 -3.691E-07 -3.691 E-07 6081E-04 6.081E-04 5.141E-04 0.042632 0.042632 0.038597 0 335274 0.350116 0.33527 113.6 
1 E+19 -2----'125 204 -7.568E-07 -7.568E-07 -7.566E-07 -7 566E-07 -7.566E-07 -7.568E-07 6.035E-04 6 035E-04 6.240E-04 0.049360 0.049360 0.048289 0 .393617 0.432498 0.39362 133.4 
1.E+19 4 0.2 220 -4.641 E-07 -4.641E-07 -4.640E-07 -4.613E-07 -4.613E-07 -4.621E-07 9.461 E-04 9 461 E-04 8 144E-04 0.074183 0.074183 0.071864 0 392284 0.397825 0.39228 .132 9 
1.E+19 --4- ---o.5 222 -5.905E-07 -5.905E-07 -5.905E-07 -5.905E-07 -5.905E-07 -5.905E-07 1.265E-03 1.265E-03 9 436E-04 0.103680 0.103680 0.084437 0.422321 0.441114 0.42232 143 1 
1.E+19 4 ----:r25 224 -7.254E-07 -7.254E-07 -7.254E-07 -7.254E-07 -7.254E-07 -7.254E-07 1.428E-03 1 428E-03 1.596E-03 0.108272 0.108272 0.114504 0.463418 0.524202 0.46342 157.0 
1 E+19 8 02 240 -8.166E-07 -8.166E-07 -8 182E-07 -8.135E-07 -8.135E-07 -8.091E-07 4.757E-03 4 757E-03 4.400E-03 0.221056 0 221056 0.221319 0 407550 0.415301 0.40755 138.1 
1 E+19 -8- ----o-5 242 -9.523E-07 -9.523E-07 -9.523E-07 -9.521E-07 -9.521E-07 -9.523E-07 5 432E-03 5.432E-03 5.329E-03 0.256300 0.256336 0.254163 0.430517 0.452868 0.43052 ~9 
1.E+19 - 8- 1.25" 244 -1.200E-06 -1.200E-06 -1.200E-06 -1.200E-06 -1.200E-06 -1.200E-06 6.457E-03 6.457E-03 6.436E-03 0.311883 0.314162 0.308990 0.455141 0.527022 0.45514 154 2 
1 E+19 14 02 260 -1.343E-06 -1.343E-06 -1.342E-06 -1.342E-06 -1.342E-06 -1.346E-06 5.102E-02 5. 102E-02 4 841E-02 0412176 0.412178 0.411642 0 409462 0.417210 0 40946 138.7 
TE+19 --:r4 -0.5 262 -1.525E-06 -1.525E-06 -1.525E-06 -1 .525E-06 -1.525E-06 -1.525E-06 5.900E-02 5.900E-02 5.665E-02 0.458429 0.458509 0.457816 0.432910 0.455251 0.43291-~67 
1 E+19 14 ----:r25 264 -1.732E-06 -1.732E-06 -1.733E-06 -1.733E-06 -1 733E-06 -1.733E-06 7.404E-02 7.404E-02 7.164E-02 0.543320 0.547083 0.542969 0.454666 0.526545 0.45467 154 1 
1.E+20 2 0.2 300 -6.712E-07 -6.712E-07 -6.712E-07 -6.707E-07 -6.708E-07 -6.708E-07 5455E-04 5.455E-04 4.274 E-04 0.037599 0.037599 0.033660 0.301658 0.307915 0.30166 102.2 
1 E+20 - 2- -0~ 302 -9.546E-07 -9.546E-07 -9.546E-07 -9 546E-07 -9 546E-07 -9.546E-07 6 101E-04 6.101E-04 5.155E-04 0.042814 0 042814 0.038746 0 334872 0.350948 0.33487 113.5 
1.E+20 2 1.25 304 -1.750E-06 -1 .750E-06 -1.750E-06 -1.750E-06 -1.750E-06 -1 .748E-06 6.038E-04 6.038E-04 6.245E-04 0.049466 0.0491166 0.048406 0.392765 0.433071 0.39277 133.1 
1 E+20 4 0.2 320 -1 262E-06 -1.262E-06 -1.263E-06 -1.262E-06 -1.262E-06 -1.263E-06 9.505E-04 9 505E-04 8.177E-04 0.074590 0.074590 0.072229 0.391637 0.398382 0.39164 132.7 
· 1.E+20 4 ----o.5 322 -1.551E-06 -1.551E-06 -1 540E-06 -1.539E-06 -1.539E-06 -1.550E-06 1.270E-03 1.270E-03 9.463E-04 0.104115 0.104115 0.084768 0.421222 0.441585 0.42122 142.7 
1.E+20 - 4- 1.25" 324 -1.912E-06 -1.912E-06 -1.912E-06 -1 912E-06 -1.912E-06 -1.912E-06 1.429E-03 1.429E-03 1.598E-03 0.108454 0.108454 0.114734 0.461934 0.524516 0.46193 156.5 
1 E+20 8 0.2 340 -2.266E-06 -2.266E-06 -2.265E-06 -2.265E-06 -2.265E-06 -2.264E-06 4.775E-03 4.775E-03 4.417E-03 0.221553 0.221555 0.221788 0.406074 0.415475 0.40607 137.6 
1.E+20 - 8- ----o.5 342 -2.570E-06 -2.570E-06 -2.580E-06 -2.580E-06 -2.580E-06 -2.570E-06 5.444E-03 5.444E-03 5.348E-03 0.256648 0.256693 0 254652 0.428796 0.453010 0.42880 145 3 
1E+20 --8 - 1.25 344 -3.119E-06 -3.119E-06 -3.113E-06 -3. 118E-06 -3 118E-06 -3.119E-06 6.471E-03 6.471 E-03 6.452E-03 0.312142 0.314566 0.309279 0.453186 0.527205 0.45319 153.6 
1.E+20 14 0.2 360 -3.821E-06 -3.821E-06 -3.856E-06 -3.857E-06 -3.857E-06 -3.855E-06 5. 133E-02 5. 133E-02 4.863E-02 0.412551 0.412551 0.411958 0.407954 0.417354 0.40795 138.2 
1 E+20 _ 1_4_ ----o-5 362 -4 189E-06 -4 189E-06 -4.190E-06 -4.205E-06 -4.205E-06 -4 205E-06 5.927E-02 5.927E-02 5.689E-02 0.458711 0.458807 0.458091 0.431169 0.455375 0.43117 146.1 
1.E+20 _ 1_4_ ~ 364 -4.639E-06 :4.639E-06 -4.639E-06 4.628E-06 -4'.628E-06 -4.640E-06 7.417E-02 7.417E-02 7. 183E-02 0.543324 0.547308 0.543010 0.452705 0.526728 0.45271 153.4 
PDC = <pdope><w><d>.<shrink distancef2> ; P+ = 10"(17+pclope) (hfrnl); P+ width (urn)= 2 x 2"(wf2); P+ depth (urn)= 0.2 x 2.5"(df2). 
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Fl NPN DJPD: Image cathode QE & NQE dependence on N+ doping, N+ well width, N+ well depth and outer p-well anode (0.8 um} placement ( 0 um from the outer well edge). 
outot welt I subs1raro Maximum and minimum values for each of the 3 doe.f.!1!1.J:!mimes are shaded and outlined respectively. 
PDC = <pdope><W><d>.<Shrink distance/2>; P+ = 10"(17+pdope) (h/ml}; P+ width (um) = 2 x 2"(w/2); P+ depth (um) = 0.2 x 2.5"(d/2). 
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Bl & Fl DJPD : %absorbance in the P+/N+ well's SCR (drift component) and non-SCR (diffusion component) 
dependence on P+/N+ well, N/P well and P/N substrate doping, bias, well width and depth. 
WPII I suhslrnle I rev boas I subsUwell 
n-dope p-dope both JUnco depth (um) 
l'h·rl 
20 ~SE lolal abs I 20 Psc lola! abs 71l PSE total abs 
1 C .. 1711.E•15l 2V 
po dope r· Wldlh I P• depth 
1 E•18 
1 E•18 
1.818 
2 I 0.2 
2 05 
2 1.25 
1,[118 
1.L+18 
1.E+18 
4 I ~ 
4 0.5 
4 I 1 25 
1.E•16 8 I 0.2 
1 _!_1+1~ 1 - 8 
1.[•18 8 
J Et 181 14 
1 [+113 14 
1 [118 14 
1 F_• 191 2 
i.F-119 ? 
1 [119 -2-
1_E•191 4 
1 [+19 4 
1 Ll19 4 
1 [+ 191 8 
1.[+19 6 
1.[+19 8 
0.5 
~ 
02 
05 
1 25 
0.7 
05 
1 25 
0.2 
0 .5 
1.25 
0.2 
0.5 
1.25 
02 
(3)/(~) l pdl~!.d~sh I drift component drift component I (hfruslon componnnt 
PDC %obs nnn-SCR (BI) SllrlnK 20 %abs SCR (BI) 20 %abs SCR (FI) 
NA 
NA 
N/\ 
100 
102 
104 
120 
122 
124 
140 
0.099815473 
-- --
0. 0998154 73 
0 1899990'13 
0.169999043 
To99815473 I 0.180999043 
_o 19543534 ~-o 3737753~ 
0 19643634 0 373775396 
-- -----
0.19643634 0.373775396 
0 .389678075 I 0.74132131 
11 52796916 
11 52796916 
11.52796916 
11 43134133 
11 4313483 
11 4313463 
11.23810656 
·'=I 142-1 0.389678075 1-0-.7413281 I 11.23810656 
.. 144 0.3139678075 07413281 11.238 10656 :_1 160 -~~?9179. 345,_1_1·6· 8658474 1 10~466052~ 
.. 162 0 .979179345 1 1138658474 10 64860529 
.. -- 164 o.979179345-1-18ii658474 10 64860529 NA_I :lO~ I 0.0939163761 0179782909 1 11 .53386826 
" 202 0 093916376 0 179782909 11.533861326 • 
-.. -- 2o4 'O:iJ93916376 --o-:179782909 ~53306826 NA_ I_ 220_1..Jl:_1__87166625 _Q258246338 1 11.44061601 
" 222 0.187166625 0.356246338 11 44061801 
" - -224 o-:187166625 Cl.358246338 11.44061801 
NA I 2._40 I___QE3667123 I_Q15173195 1-- 11.25411751 
242 0.373667123 0.715173195 .. -- . 
-- -
I 1.<'0411751 
244 11 25411 1~1 0.373667123 0.11!)173195 
NA 260 1 [-+191 14 
1 F-•19 14 
11.F+19 14 
---o:s-1 .. - , 762 
1.25 .. -264 
~4. 2269743 11 150068762 
0.942269743 1.150068782 
0"942269743 1.150066782 
10 613551489 
10 66551489 
10.68551489 
1 [ ·?.0 I 2 
1 F•20 2 
1 [120 --2 
1 [i 20 
1.E+20 
4 
4 , __ 
1.r o2o 
1 E+20 ,_ 
1.E+20 
4 
8 
8 
0.2 NA 
0.5 
us 
02 NA 
Q5 
0.09306734 0 180048822 300 
302 
304 
~3967~1-Q'-180048822 
0.09396734 0.180048822 
320_1~29583~ 
322 0.229683412 
0. 388654948 
0.388654948 
1~!- .-. -~-324 - I o.229683412l~a8654948 
0.2 I NA I 340 I o 430664249 I o. 723584791 
0.5 
1 U20 8-r-:us-~--
342 
1
Ci"430664249 I 0.773564791 
344 0.430664249 0.723584791 
11 .5338 173 
~173 
11 5338173 
11 .39810122 
1139810122-
11 39810122 
11.19712039 
11 19712039 
11.19712039 
20 Pse total ~hs 20 PSr 5 um wide l;tser I 20 PSE [, urn ._..,rfe laser 
diftusion component I 00 11m pos'n PSE centre 
%abs nnn-SCf~ (rt) 01 SCR %nbs· DRirT 
14 54401014 I o 996154732 
14 544Q191'!___- ~ 998154732 
14 54401014 0 908154732 
80 um pos'n PSE centre 
r 1 SCR %obs ORirT 
1.899990433 
1.899990433 
--1.899990433 
7fJ PSE 5 um wod• l~sPr 
ao llnl pos'n rsr cenlre 
Rl nan-SCR %abs DlrFUSION 
26. 12565084 
28.12565084 
28.12565~ 
:!1"' PSE ~ um Y.;ldP laser 
eo um pos·n PSE cenlre 
rl nan-SCR %abs. OlrFUSION 
35 00369365 
35 00389385 
35.00389385 
14. 360?:1379 
H36023379 
----
1 964363404 
--1.964363404 
-- - --
3.73. ,_753957 I 27. 15944217 
3 737753057 _ 27 15944217 _ _I_ 
33.16613033 
33.166 13033 
14.36023379 1 964363404 
13 90268108 ;:> <11 5521679 
13 99268108 ~--2 415521679 
13.992613106 2 415521679 
3.083176634 
3.737753957 27 15944217 
4 594408809 
--4 594408809 
4.5944081309 
3.599499931 
26.70878389 
---2-6.7082838_9 __ 
26.70828389 
26.04062894 
33.16613033 
32.30947548 
- 323094'7548 
- 32.30947548 
33.30438435 13.54535071 
13.54535071 
13.54535071 
3 .083176634 
3 083176634 
26 04062694 I - 3~ 30438435 
26 04062894 33.30438435 
3. 5994 99931 
3. 599499931 
14.554226?7 
14.554226if 
14.55422627 
1437576284 
14.37576284 
14.37576284 
14.0 1863509 
0.939163755 
() 939163755 
- ---0.939163755 
1.871666246 
1.871666246 
1.7976?9091 
--.,-1.-=1=--97 829o91 
~97132909_1_ 
3.582463378 
--3.58:2463378 
1 871666246--l --3.5132463378 
4.4615135717 
2818464181 
28.1M64 18 1 
28.113464 181 
27 25213932 __ , 
27.25213932 
27.25213932-.--
26.79254934 
14 01663599 - ·-
14 01883599 
2.331256227 
2.331256227 
2.331256227 
4.461585717 - , - 26.79254934 -
4 461565717 26.79254934 
13.5133940<1 2 975620045 3.495439381 
-,-:J5839404 1 2 975626645 - ~ · ~543938_1 __ , 
13.583940-4- 2.975620045 --:M95439~ 
14.553.9G.o3 _ ~~- _o 939G73-t05 
14.55390036 0. 939673405 
14.55396636 - 0 939673405 
1 800488216 
----ui00488216 
1.800488216 
3.1386549477 14.34535423 I 2.296834123 
14.34535423--2.296834123 I 3.886-54947_7_ 
14.34535423 2.2961334123 3.886549477 
14.01042439 I 2 512260458 4 186623035 
26.14818552 
26:'14818552 
26.i4B18SS2 
2818413217 
28.18413217--
28.184132-17--
26 8?697145 
--26.82697145 __ _ 
26 82697145 
26.61154511 
14.0 1042439-l--2. 512260458 4 186623035 I 26.61154511 
4':1866:;1363_5_ :26.6115-451~--1'4'01042430 ~ --2.5122604::>11 
15 10605519 
35.10605519--
351 06055 19--
33.32142091 
33.32142091 
33 32142091 
32.44229857 
32 44229857 
32 44229657 
33.4084449 
33.401'14449 
33 4084449 
35 10339607 
35.10339607 
351 03J9607-
33 01733481 
--- -- -
33 0 1733481 
33.01733481 
32.71726125 
32.71726125---
32.71726125 --
1.E+20 14 
1.(•20 1- 14 
1 [+20 14 
0.2 
0.5 
~
360 I o 946555178 
1
1.15637801313 
-- _ 362 09465551713 11~§378088_ 
" I 364 0.946555178 1 156378088 
NA 10.613 122946 1_ 13.57763109 
10 613122946 13.57763109 
10.68122946 1357763109 
2. 990680341 
2 900680341 
--2.996680341 
3.5166879 
--3-.5166879 • 
--35168879 
26. 13312523 
26. 13312523 
2613312523--
33.38690638 
~---
33.38699638 
33.38699638 
PDC = <pdope><w><d>.<shrink distance/2>; P+ = 10"{17+pdope) {h/ml); P+ width {um) = 2 x 2"{w/2); P+ clepth {um ) = 0.2 x 2.5"{d/2). 
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